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ABSTRACT
THE ASSOCIATIONS OF CARDIOVASCULAR DISEASE, PHYSICAL ACTIVITY
INTENSITIES, AND MEASURES OF OBESITY ON STATIC BALANCE IN MIDDLEAGED AND OLDER ADULTS
Hannah Martha Twiddy
Old Dominion University, 2022
Chair: Dr. Leryn J Reynolds
Co-Chair: Dr. Patrick B. Wilson

The burden of falls is widely known in older adults, though less research has targeted
middle-aged adults (40-64 years of age), particularly at the population level. The purpose of this
dissertation was to explore the roles of cardiovascular disease, physical activity (PA) intensity,
and body anthropometrics on balance among middle-aged adults. Study 1 sought to determine if
balance was impaired in middle-aged adults with poor ankle-brachial pressure index (ABPI), a
marker of cardiovascular disease. Study 2 determined the associations between PA intensity with
odds of having good static balance. Study 3 explored how strongly a variety of anthropometric
measures, including two novel ratios, associated with static balance. Studies utilized 1999-2002
and 2003-2004 National Health and Nutrition Examination Survey (NHANES) data. Study 1
included 1,046 middle-aged adults to examine the associations between ABPI and static balance
(Romberg Test of Standing Balance) via logistic regression. This study determined middle-aged
adults with at-risk ABPI had a significantly higher 3.38 (95%CI 1.66, 6.87) odds of having poor
balance, indicating that balance may be an important functional assessment used in conjunction
with ABPI to identify those at a higher risk of cardiovascular disease and falls. Using logistic
regression, study 2 analyzed data from 1,068 middle-aged adults to examine the associations of
light physical activity (LPA) and moderate-vigorous physical activity (MVPA) with static
balance. No significant relationships were found between MVPA or LPA and having good static

balance in middle age. However, a sub-analysis in older adults (≥65 years) determined every 60minute increase in LPA was significantly associated with 1.19 (95%CI: 1.09, 1.31) higher odds
of good static balance after controlling for covariates, including MVPA. Study 3 included
anthropometric measures of body mass index (BMI), waist circumference (WC), calf
circumference (CC), thigh circumference (TC), WC/CC, WC/TC, WC/CC2, and WC/TC2 in
1,050 middle-aged adults. While a number of anthropometric measures were significantly
associated with static balance, in both middle-aged males and females, analyses found higher
WC/CC2 and WC/TC2 were significantly associated with decreased odds of good static balance.
In both genders, area under the curve predictive ability resulted in WC/TC2 followed by WC/CC2
to be the highest predictors of static balance in middle-aged adults. Similarly, older-age males
and females with higher WC/CC2 and WC/TC2 have significantly decreased odds of good static
balance. Collectively, these findings demonstrate that WC/TC2 and WC/CC2 are good predictors
of balance in middle-aged and older adults.
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NOMENCLATURE
ABPI

Ankle-Brachial Pressure Index

BMI

Body Mass Index

CVD

Cardiovascular Disease

RABPI

Right Ankle-Brachial Pressure Index

PA

Physical Activity

MVPA

Moderate-Vigorous Physical Activity

LPA

Light Physical Activity

TAC

Total Activity Counts

BMI

Body Mass Index

WC

Waist Circumference

CC

Calf Circumference

TC

Thigh Circumference

WC/CC

Waist -to-Calf Circumference ratio

WC/CC2

Waist -to-squared Calf Circumference ratio

WC/TC

Waist-to-Thigh Circumference ratio

WC/TC2

Waist-to-squared Thigh Circumference ratio
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CHAPTER I INTRODUCTION
Background
Advances in public health over the past century have been unprecedented; people are living
longer although their quality of life is not necessarily following the same pattern of health (Jivraj,
Goodman, Pongiglione, & Ploubidis, 2020). Consequently, population needs are growing towards
increased care for older adults and better prevention of disease and disability for middle-aged
adults (Talbot, Musiol, Witham, & Metter, 2005). Preventive measures for common ailments
impacting older adult health are imperative to lessening the burden of illness, disability, and
decreased quality of life and independence associated with aging. Falls are the leading cause of
fatal and nonfatal injury among adults ≥65 years of age (Bergen, Stevens, & Burns, 2016; Verma
et al., 2016). In a middle-aged population, approximately one in four adults reported falling at least
once in a two-year period (Talbot et al., 2005). Of those who suffer a fall, >50% require
hospitalization, translating into further medical complications (Park, 2018). Not only do falls pose
a significant impact on health and physical function, but medical costs are estimated to be $754
million annually (Florence et al., 2018).
Fall risk is found to increase with age; in a 2014 report, 9.9% of adults aged 65-74 years
reported a fall, while 11.4% of adults 75-84 years and 13.5% of adults ≥ 85 years reported falling
(Bergen et al., 2016). While the burden of falls in the elderly is widely known, less populationbased research has targeted adults < 65 years of age. Verma et al. (2016) estimated that 11.4% of
community-dwelling adults aged 45-65 years suffered a fall over the previous year, which was
linked to approximately 3.5 million fall-related injuries. Balance is a necessary component of fall
risk, finding those with poor balance to have a greater risk of falls and poorer quality of life
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(Moncada & Mire, 2017; Perera et al., 2018). Consequently, understanding factors that impact
balance will aid in reducing the risk of falls and potentially lead to greater quality of life.
Cardiovascular disease (CVD) is common among middle-aged and older-aged adults
(CDC, 2018; Yazdanyar & Newman, 2009) and is associated with a higher fall risk and risk factors
leading to a fall (Jansen et al., 2016; Juraschek et al., 2018; Juraschek et al., 2019). Common
cardiovascular conditions associated with falls are low blood pressure, heart failure, and cardiac
arrhythmias (Jansen et al., 2016). For example, Juraschek et al. (2016) found middle-aged adults
with orthostatic hypotension are at a 30% greater risk of falls. Twenty-two percent of individuals
who have recently been diagnosed with CVD (heart failure, myocardial infarction, atrial
fibrillation) score high on fall risk (Manemann et al., 2018).
Further, ankle-brachial pressure index (ABPI) is a non-invasive reliable predictor for
identifying CVD (Ono et al., 2003). In particular, it is a valuable tool to detect early peripheral
arterial disease (PAD) and is an independent marker for cardiovascular risk (Thurston & Dawson,
2019). ABPI is calculated by dividing the systolic blood pressure measured at the ankle by the
systolic blood pressure measured in the brachial artery (Al-Qaisi, Nott, King, & Kaddoura, 2009).
A fall in blood pressure in the artery at the ankle compared to the brachial artery would suggest
stenosis between the aorta and the ankle (Al-Qaisi et al., 2009), typically located within the arteries
of the leg. Studies demonstrate that an ABPI of <0.9 is indicative of PAD (Al-Qaisi et al., 2009).
ABPI in older adults has been associated with poor balance (Gardner & Montgomery, 2001;
Rodgers et al., 2019). Gardner and Montgomery (2001) determined that 86% of older individuals
(6510 years) with physician-diagnosed PAD and an ABPI of <0.90 have unsteadiness and
stumbling while 73% report falls. However, no studies have determined whether ABPI is
associated with balance in middle-aged adults (Rodgers et al., 2019). Understanding how CVD
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risk factors are associated to balance and fall risk in middle age is an important avenue of future
research. While CVD appears to have detrimental effects on balance in the elderly, leading a
physically active lifestyle plays a key role in improved balance in older adults (Bulbulian &
Hargan, 2000).
Balance is a multicomponent type of fitness involving muscular action, neuromuscular
control, and spatial awareness (Dunsky, 2019). Participation in regular exercise programs
incorporating activities that target these actions may improve balance in young, middle, and older
aged individuals. Yet one remaining question that persists is the extent to which physical activity
(PA) intensity affects balance, especially alongside aging. In one population-based study of
American adults aged 40 years and over, every 60-min increase in participation in light physical
activity (LPA) was associated with 10% higher odds of functional balance (Loprinzi & Brosky,
2014). Further, for every 1-unit increase in daily log-transformed minutes of moderate-vigorous
physical activity (MVPA), there was a 23% greater odds of having good balance (Loprinzi &
Brosky, 2014). However, because this study did not conduct analyses on middle-aged and older
adults separately, it is impossible to say whether PA relates to balance similarly in both groups.
Notably, although both MVPA and LPA decline with aging, the drop in MVPA appears to be more
precipitous (Wolff-Hughes, Fitzhugh, Bassett, & Churilla, 2015), and therefore it may not be ideal
to analyze PA-balance associations across such broad age ranges. In addition, Loprinzi and Brosky
(2014) did not account for the combined effects of MVPA and LPA. Individuals may have a wide
range of PA levels encompassing different volumes of MVPA and LPA. Given that MVPA and
LPA may both impact balance, it may be important to adjust for one another when examining how
each is associated with balance. Thus, the extent to which exercise intensity impacts balance is not
fully elucidated. In particular, limited studies have examined the association between PA and
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balance in the middle-aged population. This dissertation will, in part, determine the relationship
between PA intensities and balance in a middle-aged population.
Like PA, obesity is also linked to decreased lower extremity function and fall risk in older
adults (Mitchell, Lord, Harvey, & Close, 2014). In regard to the impact of obesity on static balance,
obese individuals have a 18.75% failure rate on the Romberg Balance test compared to individuals
with a normal BMI (9.45% failure rate) (Bermúdez-Rey, Clark, & Merfeld, 2017). Studies not
only identify significant associations between high BMI and poor balance and fall risk but also
body fat distribution (Bermúdez-Rey et al., 2017; Mitchell et al., 2014; Silvia G R Neri,
Tiedemann, Gadelha, & Lima, 2020). Body fat accumulation in the abdominal region is related to
instability in middle-aged women (Cieślińska-Świder, Furmanek, & Błaszczyk, 2017; HitaContreras et al., 2013; Ochi et al., 2010). Further research from Neri et al. (2020) determined
women >60 years of age with higher body fat below the waist line to have a 41% increased risk of
falls compared to 24% in those with higher body fat around the abdominal region. Body fat and
muscle mass distribution in the middle and lower regions of the body may help identify greater
fall risk.
Calf circumference (CC) reflects appendicular skeletal muscle mass and thigh
circumference (TC) reflects whole body skeletal muscle mass (Hodgkiss & McCarthy, 2017;
Rolland et al., 2003). CC measures of <36 cm for males and <34 cm for women; and TC measures
<49 cm in men and <44 cm in women are associated with low skeletal muscle mass (Kawakami
et al., 2020; Mienche et al., 2019). These reductions in CC and TC reflective of decreased muscle
mass may be indicative of poor balance. Wu et al. (2019) demonstrated in a nationally
representative sample of adults ≥40 years of age that lower CC and TC is associated with having
vestibular dysfunction, a significant factor in static balance control.
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Specific anthropometric measures represent a greater association with skeletal muscle mass
and thus could be more closely associated with balance (Wu et al., 2019; Zagyapan, Iyem,
Kurkcuoglu, Pelin, & Tekindal, 2012). Further, those with a higher waist-to-calf circumference
ratio (WC/CC) and waist-to-thigh circumference ratio (WC/TC) have a higher odds of having
vestibular dysfunction (Wu et al., 2019). High WC/CC and WC/TC represent higher waist
circumference (WC) and lower TC or CC. Anthropometric ratio data may be more beneficial by
incorporating information about central adiposity and lower extremity muscle mass at the same
time and result in better balance prediction compared to each on their own. For example, studies
demonstrate WC/CC measures, compared to each single measure of WC or CC, are a better index
for assessing the disproportionality between abdominal fat and leg muscle mass (Kim et al., 2011).
A mechanism for the relationship between TC, CC, WC/CC, WC/TC and balance, is that these
measures represent a measure of lean muscle mass (Hodgkiss & McCarthy, 2017; Rolland et al.,
2003), which we know to be associated with balance (Castillo-Rodríguez, Onetti-Onetti, Sousa
Mendes, & Luis Chinchilla-Minguet, 2020).
While we know those with higher lower extremity circumference are found to have higher
amounts of skeletal muscle mass (Wu et al., 2019), squaring these variables of the lower extremity
in ratio measures may place a higher emphasis on body lean muscle mass, which is the main focus
of the relationship between body anthropometric measures and balance. In adolescent males and
females, Almeida et al. (2016) determined squared WC to height ratio and squared CC or squared
hip circumferences are found to be strong predictive variables for %body fat. Thus, associations
between balance measures could be strengthened by changing the scaling of WC/CC or WC/TC
through squaring one of the lower extremity circumference values, which we know is strongly
associated with skeletal muscle mass (Wu et al., 2019) and therefore balance (Castillo-Rodríguez

6
et al., 2020). While we know body anthropometry distribution is linked to balance, no research has
analyzed which measure of body adiposity is the best predictor of static balance status in a
nationally representative middle-aged population.
Research has identified rising risks of cardiometabolic disease, decreased levels of PA, and
obesity in the middle-aged population (Khabazkhoob, Emamian, Hashemi, Shariati, & Fotouhi,
2017; Talbot et al., 2005). Although these factors have been extensively studied in older adults in
relation to balance and falls, this is not the case in the middle-aged population. Given the
importance of these three factors on aspects of aging, with fall risk being a primary factor of poor
health as one ages, it opens a line of research into how these factors are impacted in the middleaged population. To our knowledge, nationally representative population-based studies in middleaged adults are incomplete regarding the associations between 1) ABPI and balance, 2) the
simultaneous associations of MVPA and LPA with balance, and 3) the body anthropometric
measures most closely associated with balance. To address these gaps in the literature, this
dissertation will use the National Health and Nutrition Examination Survey (NHANES), a
nationally representative sample of U.S. adults, allowing for increased generalizability, which may
have lacked in some previous studies.
Specific aims
Study #1: CVD is the leading cause of death in the United States (Heron, 2019). Ankle-brachial
pressure index (ABPI) is a marker of atherosclerosis, which is a chronic vascular inflammatory
disease driven by plaque accumulation within the artery wall (Al-Qaisi et al., 2009). Vascular
diseases are risk factors for falls in older adults (>65 years) (Juraschek et al., 2019). However,
whether vascular diseases are associated with poor balance in middle-aged adults is not well
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understood. This investigation aimed to determine if balance in middle-aged adults with poor
ABPI was impaired compared to those with normal ABPI.
Specific Aim #1: Determine if balance in a nationally representative sample of adults 40-64 years
of age with poor ABPI was impaired compared to those with normal ABPI. We hypothesize in a
nationally representative U.S. population sample, middle-aged individuals (40-64 years of age)
with poor right ABPI (<0.90 ABPI) would have a poor balance score on the Romberg Test of
Standing Balance.
Study #2: Increased PA levels are associated with good balance (Loprinzi & Brosky, 2014).
However, the impact of LPA and MVPA on balance is not fully understood in a nationally
representative sample of middle-aged adults. In addition, whether LPA or MVPA is a stronger
predictor of balance in this population requires further study.
Specific Aim #2: Determine the associations of LPA and MVPA on the odds of having good static
balance in a nationally representative sample of middle-aged adults 40-64 years of age. We
hypothesize middle-aged individuals who habitually participate in high levels of LPA and MVPA
will have better static balance, and MVPA will show a stronger association compared to LPA.
Study #3: Obesity is among the most important risk factors associated with poor balance
(Bermúdez-Rey et al., 2017). Studies not only identify a significant association between high BMI
with poor balance and fall risk but also body fat distribution and skeletal muscle mass (BermúdezRey et al., 2017; Mitchell et al., 2014). Good balance is positively associated with skeletal muscle
mass (Castillo-Rodríguez et al., 2020), of which CC and TC are predicative markers (Hodgkiss &
McCarthy, 2017; Kawakami et al., 2020). Wu et al. (2019) demonstrated individuals with lower
CC and TC or higher WC/CC and WC/TC to have a higher odds of having vestibular dysfunction.
Further, squared measures of CC, TC, WC/CC and WC/TC may place a greater emphasis on
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skeletal muscle mass. Although previous studies have focused on measures of balance and lower
extremity anthropometry, studies are lacking comparing multiple measures of body
anthropometrics on the association with good static balance. Further, studies examining the
association of these measures on static balance in middle-aged populations are scarce.
Specific Aim #3: Determine which anthropometric measure was most closely associated with
good static balance in a nationally representative sample of adults 40-64 years of age. Subjects
were separated into gender and age groups, and the body anthropometric measures of BMI, WC,
CC, TC, WC/CC, WC/TC, WC/CC2, and WC/TC2 were included in the analysis to determine the
odds of having good static balance. We explored which body anthropometric measures had the
highest predictive power on static balance. We hypothesized WC/CC2 and WC/TC2 would have a
stronger association with static balance than all other variables. Further, we examined how age
group (middle age vs. older age) and gender impacted these associations.
Study variables
For Aim #1, the independent variable of ankle-brachial pressure index (ABPI) was a direct
measure of PAD. The dependent variable was a measure of balance, taken from the four-stage
Romberg Test of Standing Balance. The covariates included in this analysis were age, BMI,
race/ethnicity, education, gender, and participation in muscle strengthening activity.
For Aim #2, the independent variables of daily PA were MVPA and LPA, which were taken
from activity counts of worn accelerometers. For the purposes of facilitating interpretation, the
LPA variable was analyzed in 60-min increments while the MVPA variable was analyzed in 10minute increments. Age, BMI, gender, ethnicity, education, and a history of dizziness/impaired
balance/previous falls served as control variables. The dependent variable of balance was taken
from the four-stage Romberg Test of Standing Balance.

9
For Aim #3, the independent variables were BMI, WC, TC, CC, waist circumference to thigh
circumference ratio (WC/TC), waist circumference to calf circumference ratio (WC/CC), waist
circumference to squared thigh circumference ratio (WC/TC2), and waist circumference to
squared calf circumference ratio (WC/CC2). The dependent variable of balance was taken from
the four-stage Romberg Test of Standing Balance. The control variables included were age,
race/ethnicity, education, MVPA, LPA and a history of dizziness/impaired balance/previous
falls.
Limitations
1. All study data are taken from the National Health and Nutritional Examination Survey
(NHANES). This is a cross-sectional design and cannot support causal or temporal inferences
despite the notable statistical power associated with the data sets.
2. Although the balance score taken from the Romberg Test of Standing Balance is a common
standard assessment of static balance, it does not assess dynamic balance.
Delimitations
The data set used for analysis is a nationally representative sample of middle-aged adults and
older adults in the United States and thus is largely generalizable. The data collection methods
are all valid and have been used extensively in related literature.
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CHAPTER II LITERATURE REVIEW
Consequences of Falls
Falls are the leading cause of unintentional injury among older adults (Verma et al.,
2016), and >50% of those who suffer a fall require hospitalization (Park, 2018). While the
burden of falls is widely known in the elderly, less population-based research has targeted adults
<65 years of age. Verma et al. (2016) estimated that 11.4% of community-dwelling adults aged
45-64 years suffered a fall over the previous year (Verma et al., 2016), and this resulted in an
estimated 3.5 million fall-related injuries among this group. Consequently, identifying practical
and widely available methods to assess fall risk in middle-aged adults is a priority. Agrawal et al.
(2011) determined that the modified Romberg balance test is a reliable predictor of static balance
and fall risk in adults. Static balance is defined as maintaining an upright position
(sitting/standing) against gravitational forces (Dunleavy, Lulofs-MacPherson, & Slowik, 2019).
Static balance is often measured while standing on different surfaces with eyes open or closed,
such as in the Romberg Test of Standing Balance.
The Romberg Test of Standing Balance consists of 4 conditions taking into account three
senses used to maintain balance. The first condition is eyes open on a firm surface, this considers
vestibular, visual, and proprioceptive function or ability to maintain head position in space. The
second condition is eyes closed on a firm surface and uses proprioception and vestibular function
to recognize body position in space. The third condition is eyes open on a compliant surface, this
measures the ability of the vision and vestibular system to monitor and adjust to changes in body
position. The fourth and final condition is eyes closed on a compliant surface, which utilizes the
vestibular system (Agrawal et al., 2011). Thus, failure of the Romberg Test of Standing Balance
is a representation of vestibular dysfunction (Agrawal, Carey, Della Santina, Schubert, & Minor,
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2009), a leading contribution to fall risk (Herdman, Blatt, Schubert, & Tusa, 2000). Specifically,
Agrawal et al. (2009) determined those who failed the fourth condition of the Romberg Balance
test were 6.3 times more likely to have fallen in the past year. Koo et al. (2015) found vestibular
contributions to balance to increase above age 40 and significantly influence the presence of
dizziness. These studies support the hypothesis that age effects on the vestibular system could be
significant enough to alter balance function or vestibular thresholds in adults as young as age 40.
Balance is Impaired in the Aging Population
It is well known falls are a leading cause of disability in older adults (Nelson-Wong et al.,
2012). Declines in muscle strength, coordination, and balance impair physical function, placing
aging adults at a high risk of falls and thus disability (Papalia et al., 2020; Zecevic, Salmoni,
Speechley, & Vandervoort, 2006). Many factors are linked to an increased risk of falls in older
adults such as: increased visual impairments, decreased functional mobility and balance, previous
history of falls, environmental factors, and overall weakened musculature to react to a changing
stimulus (Ambrose, Paul, & Hausdorff, 2013; Bermúdez-Rey et al., 2017; Talbot et al., 2005).
Balance is related to postural control, referring to the ability to maintain a posture (sitting or
standing), move between postures, and not fall when reacting to an external stimulus (Pollock,
Durward, Rowe, & Paul, 2000). Taken from individuals >60 years, both dynamic and static
balance decline at a rate of approximately 1% each year (Takeshima et al., 2014). In an effort to
determine the contribution aging has on balance, Era et al. (2006) established a reduction in
balance function is observable in middle-age groups (30-59 years) but a deterioration in balance
becomes significantly pronounced after age 60.
While most fall and balance related studies are focused on an older adult population, Talbot
et al. (2005) was one of the first to compare falls in young, middle, and older-aged men and women.
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The number of falls over a 2-year period increased alongside age: 18% in young (20-45 years),
21% in middle-aged (46-65 years), and 35% in older-aged adults (>65 years). Loss of balance
within the middle-to-older-adult years is linked to a higher risk of falling, increased dependency,
illness, and in some cases mortality (Howe, Rochester, Neil, Skelton, & Ballinger, 2011). The
vestibular system is fundamental for balance control (Wu et al., 2019). Bermúdez Rey et al. (2017)
utilized the Romberg Test of Standing Balance to examine the influence of aging on balance. The
vestibular system was evaluated in test condition 4 of the Romberg Test of Standing Balance
because of the contribution from the visual and kinesthetic cues reduced by closing the eyes and
standing on a memory foam surface (Bermúdez-Rey et al., 2017). Failure of test condition 4
identified vestibular dysfunction and served as a measure of the vestibular contribution to balance
(Bermúdez-Rey et al., 2017). Prevalence of balance failure progressed with age such that no
significance was found in age groups 10-19 years, 20-29 years, or 30-39 years, although this
relationship became significant after age 40. A prevalence of failure in the Romberg Test condition
4 was 9.7% in adults 40-49, which increased to 15.5% in adults 50-59, 34.7% in adults 60-69, and
60% in adults ≥70 years of age (Bermúdez-Rey et al., 2017).
Other studies also determined that balance failure rates increase markedly after age 40
(Agrawal et al., 2009; Agrawal et al., 2011; Koo et al., 2015). These studies exemplify the
importance of falls and balance in the middle-aged population ≥40 years of age. In the middle-age
years, adults begin decreasing PA levels and physiological changes alter postural stability leading
to decreased balance (Ito et al., 2018). Gait and balance issues are cited as the most frequent cause
for falls in all ages and both sexes (Talbot et al., 2005). Balance training has gained much regard
as a primary intervention in the prevention of falls through fostering functional balance and
postural control in an elderly population (Howe et al., 2011). Not only are balance and postural
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exercises beneficial in fall reduction in the elderly population, but they are also recommended for
younger, healthy populations (Papalia et al., 2020). Overall total PA and exercise are known to
play a major role in the prevention of falls through balance, gait function, and muscular strength
(Sherrington et al., 2019). Balance is a multicomponent type of fitness involving muscular action,
neuromuscular control, and spatial awareness (Dunsky, 2019). Thus, participation in regular
exercise programs incorporating activities that target these actions may improve balance in young,
middle, and older aged individuals. Though it is clear that dysfunction in static balance begins to
decline as early as age 40, little population-based research has examined the predictors of such
decline in middle-aged populations specifically.
Cardiovascular Disease is Associated with Poor Balance
Cardiovascular disease (CVD) is the leading cause of death in both men and women in
the United States (Heron, 2019). The prevalence of coronary heart disease (CHD) is estimated to
increase by 26% from 2010-2040 (Odden et al., 2011). The risk of developing CHD by age 40 is
one in two for men and one in three for women (Lloyd-Jones, Larson, Beiser, & Levy, 1999).
United States CVD healthcare costs are estimated to exceed $1.1 trillion by 2035, leading to
significant economic strain (RTI International, 2017).
Ankle-brachial pressure index (ABPI) is a non-invasive reliable predictor for identifying
CVD (Ono et al., 2003). In particular, it is a valuable tool to detect early PAD, and is an
independent marker for cardiovascular risk (Thurston & Dawson, 2019). ABPI is calculated by
dividing the systolic blood pressure measured at the ankle by the systolic blood pressure
measured in the brachial artery (Al-Qaisi et al., 2009). A fall in blood pressure in the artery at the
ankle compared to the brachial artery would suggest stenosis between the aorta and the ankle,
particularly in the arteries of the leg. A normal ABPI ratio is at least 1.0, whereas an ABPI of
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<0.9 is considered diagnostic for PAD (Al-Qaisi et al., 2009), which doubles the risk of
cardiovascular mortality (McKenna, Wolfson, & Kuller, 1991). In a 15-year longitudinal study,
each decrement of ABPI by 0.10 significantly increased cardiovascular mortality by 30%
(Mlacak, Blinc, Pohar, & Stare, 2006). Likewise, Fowkes et al. (2008) determined an ABPI of
≤0.9 is associated with approximately twice the 10-year total mortality for CVD, suggesting a
gradient risk of CVD as ABPI decreases. Even middle-aged individuals with a poor ABPI score
are at an increased risk of CVD mortality (Chang et al., 2009), demonstrating that this measure
has a high clinical value for determining CVD mortality. Interestingly, it appears that CVD in
older individuals (>65 years) is related to not just an increased risk of mortality, but also to
falling (Juraschek et al., 2019).
Multiple studies confirm that PAD in older adults is associated with poor balance and/or
fall risk (Gardner & Montgomery, 2001; Matsushita et al., 2017). Gardner and Montgomery
(2001) found that older individuals (65 10 years) with physician-diagnosed PAD and an ABPI
of <0.90 have unsteadiness and stumbling, with 73% reporting falls. Additionally, Matsushita et
al. (2017) determined that poor ABPI of ≤0.90 and borderline poor ABPI of 0.91-1.00,
suggestive of PAD, were independently associated with poor Short Physical Performance Battery
(SPPB) score compared to a normal ABPI of 1.11-1.20 in older adults aged 71-90 years. The
SPPB consists of three components of physical function (chair stand, standing balance, and gait
speed) and one component of upper body strength (grip strength). Specifically, Matsushita et
al.(2017) found a low ABPI to have a significant relationship with lower-extremity function,
walking speed, and standing balance. Further, Tanaka et al. (2016) identified those with poor
ABPI (≤0.9) (and diagnosed heart failure) as having poorer standing balance. Although older
adults are the most studied in terms of fall risk and poor balance, middle-aged adults also tend to
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have a high frequency of falls leading to significant health risk (Talbot et al., 2005). One in four
middle-aged adults report a fall at least once in a 2-year period (Talbot et al., 2005). However,
whether poor balance is associated with increased CVD risk as assessed by ABPI in middle-aged
adults is not well understood, particularly at the population level.
Regular Physical Activity Improves Balance
A documented relationship exists between fall risk (balance) and PA levels (Loprinzi &
Brosky, 2014). Participation in regular PA is known to have positive health benefits, especially in
those with compromised balance and at an increased risk for falls (Bulbulian & Hargan, 2000;
Osuka et al., 2015; Simonsick et al., 1993). Specifically, increasing total PA levels, accumulated
over time across adulthood (43 and 53 years of age), can ensure the maintenance of physical
performance later in life (Cooper, Mishra, & Kuh, 2011). Bulbulian and Hargan (2000) found older
adults who were active were able to balance almost 20 seconds longer than those who were inactive
during the Romberg Test of Standing Balance. Battaglia et al. (2020) determined older adults who
participate in a one-hour walk, once/week, for a period of 6 months significantly supported fall
risk prevention. Marques et al. (2017) reported that 32 weeks of exercise improved balance by
25% following resistance exercise and 31% following participation in aerobic exercise in older
adults. From these studies, we find regular participation in PA improves balance and reduces fall
risk in the older adult population.
One of the first studies to examine accelerometry-measured PA and balance from a
nationally representative U.S. population sample ≥ 40years of age was Loprinzi and Brosky
(2014). They found, for every 1-unit increase in log-transformed minutes of MVPA, odds of
having functional balance were 23% higher (Loprinzi & Brosky, 2014). These findings align
with intervention studies (Osuka et al., 2015; Pau, Leban, Collu, & Migliaccio, 2014) that show
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individuals >60years who participate in LPA and MVPA to have better functional balance.
Blodgett et al. (2015) determined MVPA participation was independently associated with frailty
in adults >50years of age. This study also identified sedentary behavior as a risk factor for frailty
and adverse health outcomes in middle-to-older-aged adults (Blodgett et al., 2015).
While many studies confirm min/day of MVPA is positively associated with improved
balance, fewer studies have examined this in LPA, which may be more practical for individuals
who were previously sedentary, have a fear of falling, or are at a decreased physical fitness level
(Jefferis et al., 2014). Osuka et al. (2015) suggested that habitual LPA is a useful indicator of
lower-extremity performance and dynamic balance among older adults (60-96 years of age). It is
estimated that for every 60-min increase in LPA, participants (40-85 years of age) have 10%
higher odds of having functional balance (Loprinzi & Brosky, 2014). Further, longer amounts of
time spent in LPA is related to better performance on measures of balance in older adults (Osuka
et al., 2015). However, these results may be dependent on the type of balance measurement. Pau
et al. (2014) characterized PA into light versus vigorous intensity during a 12-week intervention
in adults >65 years of age and determined that reductions in postural sway can be obtained after
participation in LPA. However, vigorous physical activity (VPA) was superior to LPA in gait
and sit-to-stand time.
Even though multiple previous studies have examined the impact of PA intensity on
balance in older adults, less research, particularly at the population level, has focused on middleaged adults. Loprinzi and Brosky (2014) did include individuals aged 40 and over, but because
they did not conduct analyses on middle-aged and older adults separately, it is impossible to say
whether different PA intensities relate to balance similarly in both groups. Both MVPA and LPA
decline with age, but because the drop in MVPA appears to be more precipitous (Wolff-Hughes
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et al., 2015), it may not be ideal to analyze PA-balance associations across such broad age
ranges. Loprinzi and Brosky (2014) also did not account for the combined effects of MVPA and
LPA. Individuals may have a wide range of PA levels encompassing different volumes of
MVPA and LPA. Given that MVPA and LPA may both impact balance, it is important to adjust
for one another when examining how each is associated with balance.
Overall, the extent to which PA intensity impacts balance is not fully elucidated. In
particular, limited studies have examined the association between PA and balance in the middleaged population. Research demonstrates the importance of participation in habitual PA in the
maintenance of balance and frailty that occur with age (Loprinzi & Brosky, 2014; Riebe et al.,
2015). It is known that participation in regular PA starting in young-to-middle adult years (2645) serves as a better health protector than when begun in the older adult years (Aoyagi &
Katsuta, 1990). Not only is habitual PA found to play a protective role within the aging process,
but the intensity of the PA may also be a factor.
Obesity Increases the Risk for Poor Balance
In examining health factors associated with poor balance and reduced PA, obesity is among
the most important (Bermúdez-Rey et al., 2017; Hassinen, Komulainen, Lakka, Väisänen, &
Rauramaa, 2005; Pietiläinen et al., 2008). Maintenance of ideal body weight and fat distribution
is important in the protection against disease, disability, loss of physical function, and overall
health (He & Baker, 2004). Adults with severe obesity are found to have significantly impaired
mobility compared to those who are in the normal or less-severe obesity category (Mitchell et al.,
2014). Individuals who are within the obese BMI category (>30 kg/m2) are at a 31% higher risk
of falling and 26% less likely to have walked two or more hours within the previous week of a
reported fall (Mitchell et al., 2014). Specifically, those with a normal BMI (<25 kg/m2) have a
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9.45% failure rate on the Romberg Balance test, which increases to 18.75% for those with an obese
BMI (≥30 kg/ m2) (Bermúdez-Rey et al., 2017). After adjusting for confounders such as diabetes,
hypertension history, smoking, age, race/ethnicity, and gender, there was a significant 2.4-fold
increase in the odds of falling if within the obese BMI category (Bermúdez-Rey et al., 2017).
Studies not only identify significant associations with poor balance and fall risk but also
between body composition distribution and balance (Bermúdez-Rey et al., 2017; Mitchell et al.,
2014). Higher body fat above the waist line, known as an android body type, is found to be
associated with postural instability in women aged 50-65 years of age (Hita-Contreras et al., 2013).
Body fat accumulation in the abdominal region is related to more instability (Cieślińska-Świder et
al., 2017; Ochi et al., 2010). Price et al. (2006) found 17.7% of individuals with a waist-to-hip ratio
of >0.99 have suffered a fall in the past 6 months compared to 13.7% of those with a ratio of 0.890.92. Further, WC, an anthropometric measure that reflects abdominal fat mass, has been found a
predictor for fall risk (Silvia Gonçalves Ricci Neri et al., 2019). Specifically, Neri et al. (2019),
compared obese to nonobese individuals and determined individuals with a mean WC of 98.7 cm
exhibit a greater center of pressure displacement on a force platform and an increased fear of
falling, and a higher proportion have increased fall risk compared to those with a mean WC of 81.7
cm. While we know body fat accumulation and distribution is directly associated with fall risk,
and body fat measured below the waistline is a better predictor of incidence of falls, a gap remains
as to what specific body fat distribution below the waistline to be most predictive of balance and
fall risk.
Lower extremity body anthropometric measures, such as CC, are a risk factor for lower
extremity frailty in the elderly population (Landi et al., 2014; Sun et al., 2017). This is thought to
be explained through its “less biased” association with muscle mass than other body sites. For
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example, the calf is generally less affected by body fat deposits as compared to the waist or thigh
circumference and thus is a purer surrogate marker of skeletal muscle mass, which is linked to
balance (Santos et al., 2019; Szulc, Beck, Marchand, & Delmas, 2005). Similar to CC, TC is highly
correlated to appendicular skeletal muscle mass, not only in older adults but also young-to-middleaged adults (Santos et al., 2019). TC may be a better indicator of leg-muscle mass compared to hip
circumference measures as TC is less influenced by bone and gluteal fat (Snijder et al., 2003).
Thigh lean mass has been found associated with dynamic balance after adjusting for BMI and
muscle strength (Bani Hassan, Phu, Vogrin, & Duque, 2022). Site-specific fat and muscle mass is
associated with functional impairment (Ochi et al., 2010), which may be the link to increased fall
risk.
Age related loss of muscle mass, a condition known as sarcopenia, leads to decreased
muscle strength and performance resulting in poor lower extremity function (Larsson et al., 2018).
Sarcopenia is known as a major risk factor for falls in older adults (Yeung et al., 2019). Body
anthropometric measures are reliable markers for frailty and indicators of sarcopenia in older
adults (Tosato et al., 2017). Landi et al. (2014) and Stewart et al. (2002) determined a larger CC is
positively related to lower frailty and protective against falling. In fact, CC is a surrogate marker
for diagnosing sarcopenia in adults 40-89 years of age (Kawakami et al., 2015). Calf circumference
measures of <36 cm for males and <34 cm for females are associated with low muscle mass
(Kawakami et al., 2020) and a CC of <31 cm is associated with high risk of disability (Rolland et
al., 2003). TC is also a strong predictor of muscle mass (Mienche et al., 2019). Mienche et al.(2019)
found TC measures <49 cm in men and <44 cm in women are associated with low muscle mass.
Lower TC is also linked to decreased walking speed and a slower chair sit to stand test in older
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adults (Visser et al., 2002). In addition to CC, TC is also a known marker to diagnose sarcopenia
(Mienche et al., 2019).
Combining anthropometric measures that generally reflect different body tissues (fat and
muscle) into a single variable may, in some instances, result in improved health outcome
prediction. Given that WC tends to reflect central adiposity, CC tends to reflect appendicular
muscle mass, and TC reflects skeletal muscle mass (Hodgkiss & McCarthy, 2017; Rolland et al.,
2003), the ratios of WC to CC (WC/CC) and WC to TC (WC/TC) are potentially worth exploring
as predictors of health outcomes. Indeed, studies demonstrate that WC/CC, compared to each
single measure on its own, is a better index for assessing the disproportionality between abdominal
fat and leg muscle mass, risk of cardiovascular disease (Kim et al., 2011), and health-related
quality of life in the elderly (Yang et al., 2020). Though, research on the relationships between
WC/CC and aspects of balance is much more limited, they were recently examined by Wu et al.
(2019). Wu et al. (2019) demonstrated this in a nationally representative sample ≥40 years of age,
finding that individuals with lower CC and TC or higher waist-to-calf ratio (WCR) and waist-tothigh ratio (WTR) have a greater odds of having vestibular dysfunction, a significant factor in
static balance control. However, this study performed only a cursory comparison of the predictive
ability of WC/CC and WC/TC on vestibular balance versus more standard anthropometric
variables. Moreover, while gender was included as a covariate, the analyses were conducted with
men and women combined, which is questionable given the known gender-specific differences in
anthropometric variables (Perissinotto, Pisent, Sergi, Grigoletto, & Enzi, 2002). Thus, while we
know that traditional body anthropometry variables (BMI, WC, etc.) are linked to balance, little
research has analyzed this relative predictive power of more novel anthropometric variables
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(WC/CC and WC/TC) on balance status in nationally representative samples. Further, the role of
sex in the relative predictiveness of these measures remains understudied.
Although using ratios like WC/CC and WC/TC sometimes results in improved predictive
power as compared to their component circumference values alone, changing the scaling of one or
more variables in a ratio could theoretically offer even better predictions. For example, BMI is a
measure of weight by squared height, which is preferred to weight by height, or weight by the cube
of height, due to its close association with body fat (Keys, Fidanza, Karvonen, Kimura, & Taylor,
2014). Likewise, WC by squared or cubed height, places a greater emphasis on central adiposity
and increases the incidence of developing hypertension in young adults (Fuchs et al., 2005). In
children, Almeida et al. (2016) determined squared WC to height ratio and squared CC or squared
hip circumference contributed to the prediction of percent body fat. Thus, it is possible that the
associations with balance measures could be strengthened by changing the scaling of WC/CC or
WC/TC through squaring one of the lower extremity circumference values.
Overall Summary of the Literature Review
In sum, present research identifies the relationship between PA and balance, body
anthropometrics and balance, and CVD risk and balance. However, this research has largely been
conducted in older adults or with small intervention-based studies. A limitation within PA
research is the lack in examining how PA intensities (LPA and MVPA) are associated to static
balance in a middle-aged adult population. Additionally, the utilization of a nationally
representative population to compare multiple measures of body anthropometrics will allow for
better generalizability on the relationship with static balance. Further a gap remains as to what
specific body fat distribution below the waistline to be most predicative of balance and fall risk.
CVD presence is knowingly linked to fall risk; however, the relationship between presence of
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vascular disease and balance has not been determined in a middle-aged adult aged population via
ABPI score. Thus, the present dissertation proposes to explore the relationship between
cardiovascular disease, PA, and obesity on balance in a nationally representative population of
middle-aged adults.
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CHAPTER III METHODS
Study design
This study included secondary data taken from the 1999-2000, 2001-2002, and 20032004 National Health and Examination Survey (NHANES). NHANES is a nationally
representative sample of non-institutionalized Americans, which is accomplished by a complex,
multistage probability sampling design. The NHANES population excludes all in supervised care
or custody in institutional settings, all active-duty military personnel, active-duty family
members living overseas, and any other U.S. citizens residing outside the 50 states and the
District of Columbia. Included in the population are those in non-institutional group quarters
(such as college or university residence halls). Oversampling of certain population subgroups
allows for an increase in the reliability and precision of health status indicator estimates.
NHANES protocols are approved by the National Center for Health Statistics Ethics
Review Board. Informed consent was obtained from all participants and the research adhered to
the Declaration of Helsinki. The Darden College of Education and Professional Studies Human
Subjects Research Committee at Old Dominion University determined this study was exempt
from full review by the Institutional Review Board.
STUDY 1 OF DISSERTATION
Study Population
Data were obtained from the 1999-2000 and 2001-2002 years of NHANES. Demographic
information was collected as home interviews of survey participants via computer-assisted
personal interviewing methodology. Participation in muscle strengthening activities was assessed
at the mobile examination center interview. Self-reported interview records were reviewed by the
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NHANES field office staff for accuracy and completeness. Basic demographic data to be used in
this analysis were age, gender, race/ethnicity, and education level. Body mass index (BMI) was
calculated from height and weight measured at mobile examination centers. A questionnaire on
muscular strengthening activity was included as a covariate that asked the participants to answer
yes or no to the following: “Over the past 30 days, did you do any physical activities specifically
designed to strengthen your muscle such as lifting weights, push-ups, or sit ups?” Participants
underwent a comprehensive health examination in a mobile examination center. This included
objective balance testing, as assessed through the 4-condition Romberg Test of Standing Balance
and an assessment of peripheral arterial disease via ABPI score.
Balance Testing
This analysis included data on 2,146 adults who had complete data for study variables.
Adults included in the analysis were between 40-64 years of age. Individuals were excluded
from examination if they met any of the following criteria: dizziness or unsteadiness while
standing, weighing over 275 lbs., waist circumference that does not fit a standard-sized safety
belt, use of a leg brace to stand, or amputations of the lower limbs (Centers for Disease Control
and Prevention (CDC), 1999-2000).
Static balance was assessed utilizing the Romberg Test of Standing Balance on Firm and
Compliant Surfaces (Romberg Balance Test) (Khasnis & Gokula, 2003; Shu, Chen, & He, 2020),
which evaluates the ability to balance unassisted under four conditions, with each condition
increasing in difficulty. Prior to testing, each participant completed a pre-examination
questionnaire to determine his or her ability to participate in the test. If participants were eligible
to participate, they began with condition 1; this makes use of all the sensory inputs (central
vestibular system, vision, and proprioception) by having participants stand with their eyes open,
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feet together, and arms folded across the waist, holding the elbows with the hands. Condition 2
tested balance with only vestibular and proprioceptive inputs available by having participants
stand in the same position as test condition 1 but with their eyes closed. In test condition 3,
participants stood on a foam-padded surface with their eyes open, which reduced proprioceptive
input but left visual and vestibular cues available. Finally, in condition 4, participants stood on
the foam-padded surface with their eyes closed to use solely the vestibular system. Test
conditions 1 and 2 were conducted for 15 seconds each while conditions 3 and 4 were conducted
for 30 seconds each. Balance was scored on a pass/fail basis in all conditions (Agrawal et al.,
2011; Bermúdez-Rey et al., 2017; Loprinzi & Brosky, 2014). Test failure was defined as the
participant: 1) using arms or feet to maintain balance, 2) beginning to fall or requiring that a
technician intervene to maintain balance, or 3) needing to open their eyes (conditions 2 and 4
only). Participants were allowed one re-test for each condition. Individuals who failed any of the
four conditions were placed into a poor static balance category. Individuals who passed all four
conditions were placed into a good static balance category. There were 2,146 adults eligible to be
analyzed. This dataset included those who completed condition 4 (Pass) (n=1,574) compared to
those who failed any condition (Fail) (n=5,72). Further details of balance testing procedures are
available at https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/ba.pdf.
Ankle-Brachial Pressure Index
ABPI, which was used as the ratio of tibial to brachial systolic blood pressure, was
assessed on participants 40 years of age or older. Included in this analysis were those 40-64 years
of age (n=2,146). Exclusion criteria includes bilateral amputations, weight over 400 lb, and
conditions such as: casts, ulcers, dressings, illness, or equipment failure. Following a brief rest
period, systolic pressure of the brachial artery was measured on the right arm and posterior tibial
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artery of both ankles. For participants aged 40-59 years, systolic pressure was measured twice;
however, it was measured only once in participants over the age of 60 years. Appropriate cuff
size was determined prior to the cuff being placed on the participant’s arm. Since ABPI scores
were recorded as whole numbers, these scores were categorized to indicate participants with an
at-risk ABPI score of ≤0.9 or not-at-risk ABPI of >0.9. These cutoff points were chosen because
individuals with a ABPI of ≤0.9 are at a greater risk of all-cause mortality compared to
individuals with a ABPI of >0.9 (Mlacak et al., 2006).
Statistical analysis
Data were downloaded from the NHANES website and merged using Statistical Analysis
System (SAS) software (SAS Institute Inc., Cary, North Carolina). Data analysis was conducted
using SPSS Complex Samples (Version 22, IBM Corp, Armond, NY, USA). Mobile
Examination Center (MEC) and 4-year sample population weights were utilized in the analysis
to account for over-sampling and nonresponse using the WEIGHT statement in SAS PROC
FREQ in the National Center for Health Statistics instructions. Differences between continuous
variables (age, BMI) were found using the complex samples, general linear model. Differences
between categorical variables (race/ethnicity, education, gender, and answering yes or no to
participating in muscle strengthening activities within the past 30 days) were found using a
complex sample, Rao-Scott Adjusted Chi-Square statistic. Logistic regression of complex
samples was used to estimate the odds ratio and 95% confidence intervals of ABPI score
associated with balance status (pass or fail). A p≤0.05 is considered statistically significant.

27

STUDY 2 OF DISSERTATION
Study Population
The 2003-2004 survey years of the NHANES served as the source of data for this
observational, cross-sectional secondary data analysis. The main measurements included minutes
of light and moderate-vigorous physical activity and pass/fail Romberg Balance Test, which
occurred in the mobile examination center during the examination component. Middle-aged
adults were included in the analysis who were 40-64 years of age. In a sub-analysis, we also
included older adults age ≥65 years of age to compare to the middle-aged adults. Adults were
included if they had complete data for physical activity and balance testing, as well as complete
data for other relevant variables (gender, ethnicity, education, history of falling, and BMI).
Individuals were excluded from balance testing if they met any of the following criteria:
dizziness or unsteadiness while standing, weighing over 275 lbs., waist circumference that does
not fit a standard-sized safety belt, use of a leg brace to stand, or amputations of the lower limbs
(Centers for Disease Control and Prevention (CDC), 1999-2000). For the physical activity
monitor component, individuals were also excluded if they used a wheelchair or had other
impairments that prevented them from walking or wearing a physical activity monitor.
Balance Testing
Balance was assessed utilized the Romberg Test of Standing Balance on adults >40 years
of age, as previously described in study 1. Balance was categorized into poor/good balance as
previously described in study 1.
Accelerometer Data and Analysis
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The accelerometer used to track PA was an ActiGraph AM-7164 (ActiGraph, Ft. Walton
Beach, FL) (Crouter, DellaValle, Haas, Frongillo, & Bassett, 2013). Accelerometers were not
worn during activities such as swimming or water aerobics, due to the device not being
waterproof, and participants were instructed to remove the device at bedtime. Accelerometers
were worn around the participants’ waist near the iliac crest on the right side for 7 consecutive
days. Non-wear was defined by a minimum period of 60 consecutive minutes of no activity
counts, with an allowance of 2 minutes or less of activity counts between 0 and 100
("Examination Data Overview: National Health and Nutrition Examination Survey," 2003-2004).
Participants with at least 4 days of 10 or more hours per day of valid wear time were included in
the analysis to adequately capture habitual PA patterns. Accelerometers detect and record the
intensity of movement, frequency, and duration of PA through generating an activity count. Oneminute time intervals were used in NHANES, and intensity was summed over each 1-minute
period.
First, MVPA was classified as activity counts of ≥2,020 per minute and LPA was
classified as activity counts between 100-2,019 per minute (Boyer, Wolff-Hughes, Bassett,
Churilla, & Fitzhugh, 2016; Loprinzi & Brosky, 2014; Wolff-Hughes et al., 2015). The physical
activity monitor considers LPA as activity counts of 100-760 range, and leisure time physical
activity as 760-2019; thus, we combined these categories into one light activity count measure
for analysis. Minutes per day of MVPA and LPA were averaged across all valid worn days to
determine average daily MVPA and LPA.
Additional Variables
Demographic information was collected at home interviews of survey participants via
computer-assisted personal interviewing methodology. Self-reported interview records were
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reviewed by the NHANES field office staff for accuracy and completeness. Basic demographic
data used in this analysis were age, gender, race/ethnicity, and education level. Body mass index
(BMI) was calculated from height and weight measured at mobile examination centers. A
questionnaire on balance was included as a covariate that asked participants to answer yes or no
to the following: “During the past 12 months, have you had dizziness, difficulty with balance or
difficulty with falling?”
Statistical Analysis
Data were downloaded from the NHANES website (except for the accelerometer data)
and merged using Statistical Analysis System (SAS) software (Version 9.4 SAS Institute Inc.,
Cary, North Carolina). To account for over-sampling, complex design features of NHANES, and
nonresponse of individuals during data collection, adjusted 2-year population mobile
examination center weights derived from web-application accelerometer files (Van Domelen,
n.d.) were used to generate estimates according to the National Center for Health Statistics
analytical guidelines (Johnson et al., 2013). Differences between categorical demographic
variables (race/ethnicity, education, gender, falling/balance questionnaire) by static balance were
evaluated using a complex sample, Rao-Scott Adjusted Chi-Square statistic. Differences between
continuous variables (BMI, age, MVPA, and LPA) by static balance were evaluated using a
complex sample, general linear model procedure that is equivalent to a t-test (IBM, 2020).
Further pairwise comparison was examined for differences between measures whose 95%CI did
not cross 1.0.
The accelerometer data were processed and downloaded using a web application (Van
Domelen, n.d.). The algorithm used to extract and analyze the accelerometer data was selected as
“simple,” which takes a conservative approach for defining non-wear time. The associations
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between participation in MVPA and LPA and static balance were computed via multivariate
logistic regression. We determined the odds of having good static balance in association with
increased participation in MVPA and LPA, with poor static balance as the reference category.
The continuous variable of MVPA was split into 10-minute increments, because MVPA
accumulated in short bouts of 10-min increments has been found to have protective health
benefits (White, Gabriel, Kim, Lewis, & Sternfeld, 2015). LPA, in contrast, was split into 60minute increments, similar to Loprinzi and Bronsky (2014) who found an increase of LPA by 60
minutes was associated with improved balance. Collectively, the variables in the multivariate
analysis included LPA (60-min increments), MVPA (10-minute increments), age, BMI, gender,
ethnicity, education, and dizziness/impaired balance/previous falls as the independent and
control variables, and static balance as the dependent variable. Statistical significance was set at
p≤0.05 for all tests.
STUDY 3 OF DISSERTATION
Study Population
Data for this observational, cross-sectional secondary data analysis were collected from
the 2003-2004 survey years of NHANES. This analysis included adults 40-64 years of age, but a
sub-analysis included older adults age ≥65 years of age for comparison. The main measurements
included pass/fail on the Romberg Test of Standing Balance and body anthropometric data from
the mobile examination centers examination component. Adults were included in the analysis if
they had complete data for physical activity, balance testing, and relevant anthropometric data.
Individuals were excluded from balance testing if they met any of the following criteria:
dizziness or unsteadiness while standing, weighing over 275 lbs., WC that does not fit a
standard-sized safety belt, use of a leg brace to stand, or amputations of the lower limbs (Centers
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for Disease Control and Prevention (CDC), 1999-2000). For the physical activity monitor
component, individuals were excluded if they used a wheelchair or had other impairments that
prevented them from walking or wearing a physical activity monitor. There were no medical,
safety, or other exclusions for the body measures protocol.
Anthropometric and Body Composition Measures
Body measurements used in this analysis were WC, TC, CC, and BMI. BMI is a ratio
measure of mass to height squared of an individual and correlates relatively strongly with body
fat (Nuttall, 2015). Body weight was measured during the mobile examination center component
to the nearest 0.1 kg using a Toledo digital scale (Mettler-Toledo LLC, Columbus, OH).
Standing height was measured with a fixed Seca electronic stadiometer (SECA, Hamburg,
Germany). BMI (in kg/m2) is calculated from these data. Circumference measurements were
taken on all survey participants. Measurements were taken with a tape measure while
participants were standing or sitting for the calf measurement. WC was taken at the level of the
uppermost lateral border of the ilium in the midaxillary line. TC was taken at a midpoint, found
as the middle point between the inguinal crease and proximal border of the patella. The CC on
the right calf was taken at the greatest circumference in a plane perpendicular to the long axis of
the calf. All measurements were taken to the nearest 0.1 cm. In addition, ratio measurements
were calculated in the analysis to determine the best association with balance. They are as
follows: waist to thigh circumference (WC/TC), waist to thigh circumference squared (WC/TC 2),
waist to calf circumference (WC/CC), and waist to calf circumference squared (WC/CC2). All
body anthropometric measures were separated into quartiles for interpretability.
Balance Testing
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Balance was assessed utilized the Romberg Test of Standing Balance on adults >40 years
of age, as previously described in study 1. Balance was categorized into poor/good balance as
previously described in study 1.
Accelerometer Data and Analysis
An ActiGraph AM-7164 (ActiGraph, Ft. Walton Beach, FL) (Crouter et al., 2013) was
used to measure physical activity data as previously described in study 2.
Additional Variables
Demographic information was collected at home interviews of survey participants via
computer-assisted personal interviewing methodology. Self-reported interview records were
reviewed by the NHANES field office staff for accuracy and completeness. Basic demographic
data used in this analysis was age, gender, race/ethnicity, and education level. A questionnaire on
balance was included as a covariate that asked participants to answer yes or no to the following:
“During the past 12 months, have you had dizziness, difficulty with balance or difficulty with
falling?”
Statistical Analysis
Data were downloaded from the NHANES website (except for the accelerometer data)
and merged using Statistical Analysis System (SAS) software (Version 9.4 SAS Institute Inc.,
Cary, North Carolina). To account for over-sampling, complex design features of NHANES, and
nonresponse of individuals during data collection adjusted 2-year population mobile examination
center weights derived from web-application accelerometer files (Van Domelen, n.d.) were used
to generate estimates according to the National Center for Health Statistics analytical guidelines
(Johnson et al., 2013). Differences between categorical demographic variables (race/ethnicity,
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education, gender, falling/balance questionnaire) by static balance were evaluated using a
complex sample, Rao-Scott Adjusted Chi-Square statistic. Differences between continuous
variables (age, MVPA, and LPA) by static balance were evaluated using a complex sample,
general linear model procedure that is equivalent to an independent t-test (IBM, 2020).
The associations between body anthropometric measures (BMI, WC, TC, CC, WC/TC,
WC/CC, WC/TC2, WC/CC2) and static balance were computed via univariate and multivariate
logistic regression. We determined the odds of having good static balance in association with
higher BMI, WC, TC, CC, WC/TC, WC/CC, WC/TC2, WC/CC2, with poor static balance as the
reference category. Univariate logistic regression determined the individual relationship each
body anthropometric measure had on having good static balance. Multivariate logistic regression
computed each body anthropometric measure individually adjusted for covariates of age,
ethnicity, education, LPA and MVPA in Model 1; and age, ethnicity, education, LPA and
MVPA, and dizziness/impaired balance/falling within the past 12 months in Model 2. Further
pairwise comparison was examined for differences between measures whose 95%CI did not
cross 1.0. The threshold for statistical significance was set at a p≤0.05.
Receiver Operating Characteristic (ROC) analysis, using adjusted 2-year population
mobile examination center weights and various R functions from the package “rnhanesdata” by
Leroux, Crainiceanu, Smirnova, and Caeo (2018) and Leroux et al. (2019) were then used to
calculate area under ROC curves (AUC) between each body anthropometric variable (BMI, WC,
TC, CC, WC/TC2, WC/CC2) and good static balance. The AUC analysis was adjusted for age,
ethnicity, education, LPA, MVPA, and dizziness/impaired balance/falling. Anthropometric
variables are ranked in decreasing order of their predictive performance as measured by the AUC
in separate predictor logistic regression with good static balance as outcome. The AUC value is a
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measure used for classification performance for binary classifiers (Flach, Hernández-Orallo, &
Ramirez, 2011). Higher AUC values indicate a better classifier. The AUC data can be interpreted
according to these guidelines (Laurson, Eisenmann, & Welk, 2011; Swets, 1988): noninformational/equal to change (AUC=0.5), less accurate (0.5<AUC≥0.7), moderately accurate
(0.7<AUC≥0.9), highly accurate (0.9<AUC≥1.0), and a discriminatory test (AUC=1.0).
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CHAPTER IV STUDY 1
FUNCTIONAL BALANCE AMONG MIDDLE-AGED ADULTS IS A RISK FACTOR
FOR CARDIOVASCULAR DISEASE
Introduction
Cardiovascular disease (CVD) is the leading cause of death in both men and women in
the United States (Heron, 2019). The prevalence of coronary heart disease (CHD) is estimated to
increase by 26% from 2010-2040 (Odden et al., 2011). The risk of developing CHD by age 40
years is one in two for men and one in three for women (Lloyd-Jones et al., 1999). Annual CVD
costs (both direct and indirect) for U.S. adults are estimated to exceed $1.1 trillion by 2035,
leading to significant economic strain (RTI International, 2017).
Given the individual and societal burdens of CVD, early detection of individuals who are
at a greater likelihood of developing these disorders is of critical importance. Ankle-brachial
pressure index (ABPI) is a non-invasive reliable predictor for identifying CVD (Ono et al.,
2003). In particular, it is a valuable tool to detect early peripheral arterial disease (PAD), and is
an independent marker for cardiovascular risk (Thurston & Dawson, 2019). ABPI is calculated
by dividing the systolic blood pressure measured at the ankle by the systolic blood pressure
measured in the brachial artery (Al-Qaisi et al., 2009). A fall in blood pressure in the artery at the
ankle compared to the brachial artery would suggest stenosis between the aorta and the ankle,
particularly in the arteries of the leg. A normal ABPI ratio is at least 1.0, whereas an ABPI of
<0.9 is considered diagnostic for PAD (Al-Qaisi et al., 2009), which doubles the risk of
cardiovascular mortality (McKenna et al., 1991). In a 15-year longitudinal study, each decrement
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of ABPI by 0.10 significantly increased cardiovascular mortality by 30% (Mlacak et al., 2006).
Even middle-aged individuals with a poor ABPI score are at an increased risk of CVD mortality
(Chang et al., 2009), demonstrating that this measure has a high clinical value.
Interestingly, it appears that CVD in older individuals (>65 years) is related to not just an
increased risk of mortality but also to falling (Juraschek et al., 2019). Falls are the leading cause
of unintentional injury among adults (Verma et al., 2016), and >50% of those who suffer a fall
require hospitalization (Park, 2018). While the burden of falls is widely known in the elderly,
less population-based research has targeted adults <65 years of age. Verma et al. (2016)
estimated that 11.4% of community-dwelling adults aged 45-64 years suffered a fall over the
previous year (Verma et al., 2016), and this resulted in an estimated 3.5 million fall-related
injuries among this group. Consequently, identifying practical and widely available methods to
assess fall risk in middle-aged adults is a priority. Agrawal et al.(2011) found that the modified
Romberg balance test is a reliable predictor of balance and fall risk in adults.
There is growing interest in the links between CVD and falling since these conditions
often coincide with one another (Juraschek et al., 2019). In theory, individuals with CVD may be
at greater risk of falling because balance is partly dependent on a well-functioning cardiovascular
system. The cardiovascular system, for example, supplies blood, oxygen, and nutrients to various
organs (brain, skeletal muscle, etc.) involved in balance and is also involved in regulating blood
pressure with changes in posture (Serrador, Schlegel, Black, & Wood, 2009). Further,
individuals with CVD are more likely to be treated with medications, such as antihypertensives,
that may modestly increase the risk of falls when they are initially administered or when dosages
are changed (Kahlaee, Latta, & Schneider, 2018). However, whether CVD risk factors,
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including ABPI, are associated with balance in middle-aged adults is not well understood,
particularly at the population level.
Thus, the purpose of this study was to assess standing balance among middle-aged adults
with or without PAD as defined by an ABPI <0.9. The population-representative National Health
and Nutrition Examination Survey (NHANES) was used given the availability of balance and
ABPI data in middle-aged adults.
Methods
Study Population
Data were obtained from the 1999-2000 and 2001-2002 years of NHANES. Demographic
information was collected as home interviews of survey participants via computer-assisted
personal interviewing methodology. Participation in muscle strengthening activities was assessed
at the mobile examination center interview. Self-reported interview records were reviewed by the
NHANES field office staff for accuracy and completeness. Basic demographic data to be used in
this analysis were age, gender, race/ethnicity, and education level. Body mass index (BMI) was
calculated from height and weight measured at mobile examination centers. A questionnaire on
muscular strengthening activity was included as a covariate that asked the participants to answer
yes or no to the following: “Over the past 30 days, did you do any physical activities specifically
designed to strengthen your muscle such as lifting weights, push-ups, or sit ups?” Participants
underwent a comprehensive health examination in a mobile examination center. This included
objective balance testing, as assessed through the 4 condition Romberg Test of Standing Balance
and an assessment of peripheral arterial disease via ABPI score.
Balance Testing
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This analysis included data on 2,146 adults who had complete data for study variables.
Adults included in the analysis were between 40-64 years of age. Individuals were excluded
from examination if they met any of the following criteria: dizziness or unsteadiness while
standing, weighing over 275 lbs., waist circumference that does not fit a standard-sized safety
belt, use of a leg brace to stand, or amputations of the lower limbs (Centers for Disease Control
and Prevention (CDC), 1999-2000).
Static balance was assessed utilizing the Romberg Test of Standing Balance on Firm and
Compliant Surfaces (Romberg Balance Test) (Khasnis & Gokula, 2003; Shu et al., 2020), which
evaluates the ability to balance unassisted under four conditions, with each condition increasing
in difficulty. Prior to testing, each participant completed a pre-examination questionnaire to
determine his or her ability to participate in the test. If participants were eligible to participate,
they began with condition 1; this makes use of all the sensory inputs (central vestibular system,
vision, and proprioception) by having participants stand with their eyes open, feet together, and
arms folded across the waist, holding the elbows with the hands. Condition 2 tested balance with
only vestibular and proprioceptive inputs available by having participants stand in the same
position as test condition 1 but with their eyes closed. In test condition 3, participants stood on a
foam-padded surface with their eyes open, which reduced proprioceptive input but left visual and
vestibular cues available. Finally, in condition 4, participants stood on the foam-padded surface
with their eyes closed to use solely the vestibular system. Test conditions 1 and 2 were
conducted for 15 seconds each while conditions 3 and 4 were conducted for 30 seconds each.
Balance was scored on a pass/fail basis in all conditions (Agrawal et al., 2011; Bermúdez-Rey et
al., 2017; Loprinzi & Brosky, 2014). Test failure was defined as the participant: 1) using arms or
feet to maintain balance, 2) beginning to fall or requiring that a technician intervene to maintain
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balance, or 3) needing to open their eyes (conditions 2 and 4 only). Participants were allowed
one re-test for each condition. Individuals who failed any of the four conditions were placed into
a poor static balance category. Individuals who passed all four conditions were placed into a
good static balance category. There were 2,146 adults eligible to be analyzed. This dataset
included those who completed condition 4 (Pass) (n=1,574) compared to those who failed any
condition (Fail) (n=572). Further details of balance testing procedures are available at
https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/ba.pdf.
Ankle-brachial Pressure Index
ABPI, which was used as the ration of tibial to brachial systolic blood pressure, was
assessed on participants 40 years of age or older. Included in this analysis were those 40-64 years
of age (n=2,146). Exclusion criteria includes bilateral amputations, weight over 400 lbs., and
conditions such as: casts, ulcers, dressings, illness, or equipment failure. Following a brief rest
period, systolic pressure of the brachial artery was measured on the right arm and posterior tibial
artery of both ankles. For participants aged 40-59 years, systolic pressure was measured twice;
however, it was measured only once in participants over the age of 60 years. Appropriate cuff
size was determined prior to the cuff being placed on the participant’s arm based off midpoint
circumference of the participant’s upper arm and then referred to a table adapted from the
Human Blood Pressure Determination by Sphygmomanometry by the American Heart
Association. Since ABPI scores were recorded as whole numbers, these scores were categorized
to indicate participants with an at-risk ABPI score of ≤0.9 or not-at-risk category ABPI of >0.9.
These cutoff points were chosen because individuals with a ABPI of <0.9 are at a greater risk of
all-cause mortality compared to individuals with an ABPI of >0.9 (Mlacak et al., 2006).
Statistical analysis
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Data were downloaded from the NHANES website and merged using Statistical Analysis
System (SAS) software (SAS Institute Inc., Cary, North Carolina). Data analysis was conducted
using SPSS Complex Samples (Version 22, IBM Corp, Armond, NY, USA). Mobile
Examination Center (MEC) and 4-year sample population weights were utilized in the analysis
to account for over-sampling and nonresponse using the WEIGHT statement SAS PROC FREQ
in the National Center for Health Statistics instructions. Differences between continuous
variables (age, BMI) were found using the complex samples, general linear model. Differences
between categorical variables (race/ethnicity, education, gender, and physical activity
questionnaire) were found using a complex sample, Rao-Scott Adjusted Chi-Square statistic.
Logistic regression of complex samples was used to estimate the odds ratio and 95% confidence
intervals of ABPI score associated with balance status (pass or fail). A p≤0.05 is considered
statistically significant.
Results
Of the individuals who completed the Romberg Balance protocol, 2,146 met our
inclusion criteria, were aged 40-64 years, completed RABPI measurements, and responded to
basic demographic information. Table 1 presents demographic characteristics by good (n=1,574)
and poor (n=572) balance. Age (p<0.001), education level (p<0.001), race/ethnicity (p=0.003),
and participation in muscle strengthening activities (p=0.002) differed significantly by balance
status while gender and BMI did not. Participants in the poor balance group were 3.4 years older
compared to those with good balance. The prevalence of non-Hispanic whites was higher in the
good balance group than the poor balance group (77.5% vs. 69.7%). In addition, the prevalence
of having more than a high school diploma was higher in the good balance group than the poor
balance group (62.4% vs. 49.6%).
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The prevalence of at-risk vs. not-at-risk RABPI by balance status is shown in Table 2.
Among the group with good balance, the prevalence of at-risk RABPI was 1.3%, while it was
4.2% among those with poor balance (p=0.001). Using logistic regression, individuals with atrisk RABPI had 3.38 (95% CI: 1.66-6.87; p=0.001) times the odds of poor balance compared to
individuals with not-at-risk RABPI. The odds ratio of 3.38 is of a moderate association between
variables (Chen, Cohen, & Chen, 2010). The odds ratio was attenuated when age and BMI were
entered into the model as covariates, but the association between RABPI status and balance was
still significant (odds ratio: 2.39, 95% CI: 1.09-5.26; p=0.031).
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Table 1. Characteristics of the Participants by Balance Status
Good balance
Characteristics
(n = 1,574)
Age (years)
49.5 0.2
BMI (kg•m-2)
28.0  0.2
Gender (n, %)
Male
821 (50.3)
Female
753 (49.7)
Race/Ethnicity (n, %)
Mexican American
359 (5.2)
Other Hispanic
56 (4.2)
Non-Hispanic white
813 (77.5)
Non-Hispanic black
297 (9.2)
Other
49 (4.0)
Education Level (n, %)
< High School Diploma
399 (14.1)

Poor balance
(n= 572)
52.9 0.4
27.6  0.3

p-value
<0.001*
0.124
0.385

281 (47.7)
291 (52.3)
0.003*
138 (5.7)
39 (8.2)
250 (69.7)
128 (12.0)
17 (4.3)
<0.001*
212 (24.9)

High School Diploma,GED
353 (23.5)
136 (25.5)
> High School Diploma
822 (62.4)
224 (49.6)
Muscle strengthening activities (n,%)
Yes
393 (27.0)
86 (17.3)
0.002*
No
1162 (72.0)
474 (80.6)
Unable to do
19 (0.9)
12 (2.1)
Continuous data are mean  SE. For categorical data, the numbers inside parentheses are percentages weighted to U.S. population while the numbers outside
parentheses are unweighted counts. *p≤0.05
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Table 2. Prevalence of at-risk RABPI among participants with good and poor balance in the National Health and Nutrition Examination Survey (NHANES),
1999-2002
Good Balance
Poor Balance
RABPI Score
p-value
(n=1,574)
(n=572)
Not-at-risk RABPI (>0.90)
98.7%
95.9%
0.001
At-risk RABPI (≤0.90)
1.3%
4.2%
Right Ankle-Brachial Pressure Index (RABPI), *p≤0.05
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Discussion
The novelty of the present study is the positive association between poor RABPI and
poor balance in a middle-aged population. Specifically, this study provides evidence that middleaged adults (40-64 years) with poor cardiovascular health, as measured by RABPI, are at higher
odds of having poor functional static balance, measured through the Romberg Balance Test.
Multiple previous studies confirm that PAD in older adults is associated with poor balance
and/or fall risk (Gardner & Montgomery, 2001; Matsushita et al., 2017). Gardner and
Montgomery (2001) found that the prevalence of stumbling and unsteadiness was 1.86 times
higher in older individuals with physician-diagnosed PAD than in controls, and the prevalence of
falling was 1.73 times higher. Additionally, Matsushita et al. (2017) determined poor ABPI of
≤0.90 and borderline poor ABPI of 0.91-1.00 suggestive of PAD were independently associated
with poor Short Physical Performance Battery (SPPB) score compared to a normal ABPI of
1.11-1.20 in adults aged 71-90 years. The SPPB consisted of three components of physical
function (chair stand, standing balance, and gait speed) and one component of upper body
strength (grip strength) (Guralnik et al., 1994). The results from these studies coincide with the
findings of the present study in which individuals with poor RAPBI have higher odds of having
poor static balance. Further, we extend the findings by Gardner and Montgomery and Matsushita
(2001) by demonstrating that this occurs in middle-aged individuals using a nationally
representative population. Thus, it appears that middle-aged adults with poor RAPBI are also
susceptible to having poor functional static balance.
McDermott et al. (2004) determined participants with ABPI levels of 0.9-1.1 to have
consistently lower leg strength than ABPI of 1.10-1.50 (defined as the absence of PAD
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(McDermott et al., 2004). Individuals with PAD are found to have impaired endothelial function
(Yataco, Corretti, Gardner, Womack, & Katzel, 1999) in the lower extremities, which is linked to
increased inflammation (Gregorio Brevetti et al., 2003), and oxidative stress (G. Brevetti et al.,
2001). Systemic vascular function has been found to be associated with lower-limb muscular
power (Heffernan et al., 2012). In the present study, individuals with good balance participated
in greater muscle strengthening activities compared to those with poor balance (see Table 1).
Given the important role of skeletal muscle strength on standing balance (Szulc et al., 2005),
these results point to a potential relationship for individuals with good balance and muscle
strengthening activities.
Further, Tanaka et al.(2016) identified those with poor ABI (≤0.9) (and diagnosed heart
failure) as having poorer standing balance based off a single-balance test measurement; this was
supported by the present study which found poor RABPI (≤0.9) to be associated with higher
odds of having poor static balance, based off a 4 condition-standing balance examination.
Although older adults are the most studied in terms of fall risk and poor balance, middle-aged
adults also tend to have a high frequency of falls leading to significant health risk (Talbot et al.,
2005). One in four middle-aged adults report a fall at least once in a 2-year period (Talbot et al.,
2005). Thus, the importance of this present study is to confirm the higher presence of poor static
balance in a middle-aged population with poor ABI scores. Middle-aged adults demonstrate an
increasing incidence of disease, lower levels of physical activity, and physiological changes in
postural sway and balance (Talbot et al., 2005).
There are some notable strengths and limitations to this analysis. The NHANES uses a
cross-sectional design and cannot support causal or temporal inferences despite the notable
statistical power associated with the data sets. Nonetheless, this dataset is nationally
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representative of middle-aged and older adults in the United States and thus is largely
generalizable. The Romberg Test of Standing Balance was utilized to determine poor or good
balance; although this does not assess both static and dynamic balance, this test is a common
standard assessment in clinical and research settings (Lin et al., 2020). Confounding variables
have been attempted to be minimized through the inclusion of a model adjusting for potential
predictors of age and BMI.
Conclusion
In conclusion, this study aimed to determine the relationship between ABPI and static
balance in middle-aged adults using a nationally representative sample. Middle-aged adults with
a poor RABPI score are at higher odds of poor balance, assessed through the Romberg Test of
Standing Balance. In addition, those who have good balance report to participate in muscle
strengthening activities, which are known to have likely protective effects against development
of PAD and falls. Future research is warranted to evaluate whether improving ABPI through
lifestyle and pharmacological interventions is associated with improvements in balance.
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CHAPTER IV STUDY 2
THE ASSOCIATION OF MODERATE-TO-VIGOROUS AND LIGHT INTENSITY
PHYSICAL ACTIVITY ON STATIC BALANCE IN MIDDLE-AGED ADULTS
Introduction
Falls are the leading cause of fatal and nonfatal injury among adults ≥65 years of age
(Bergen et al., 2016; Verma et al., 2016). While the burden of falls in the elderly is widely known,
less population-based research has targeted adults <65 years of age (Talbot et al., 2005). Verma et
al. (2016) estimated that 11.4% of community-dwelling adults aged 45-65 suffered a fall over the
previous year, which was linked to approximately 3.5 million fall-related injuries in this
population. Other studies demonstrate that balance failure rates increase markedly after age 40
(Agrawal et al., 2009; Agrawal et al., 2011; Koo et al., 2015). These studies exemplify the
importance of balance not just in the elderly but even in middle-aged populations (40-65 years of
age). Balance largely predicts falls, in that those with poor balance have a greater risk of falls and
poorer quality of life (Moncada & Mire, 2017; Perera et al., 2018).
Balance is related to functional postural control, which is the ability to maintain a posture
(sitting or standing), move between postures, and not fall when reacting to an external stimulus
(Pollock et al., 2000). Postural control includes both static and dynamic balance (Harrison et al.,
2021; Pollock et al., 2000). According to Rogers et al. (2013), dynamic balance is the ability to
maintain postural stability while performing specific movements. Static balance is defined as
maintaining an upright position (sitting/standing) against gravitational forces (Dunleavy et al.,
2019). Static balance is often measured while standing on different surfaces with eyes open or
closed, such as during the Romberg Test of Standing Balance (Melo et al., 2017; Rogers et al.,
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2013). As individuals age, static balance (as measured by the Clinical Test of Sensory Interaction
for Balance, a test of postural sway velocity) declines at a rate of approximately 1% each year
(Takeshima et al., 2014). Loss of static balance within the middle-to-older adult years is linked to
a higher risk of falling, increased dependency, illness, and in some cases mortality (Fujita et al.,
2015; Monteiro, Forte, Carvalho, Barbosa, & Morais, 2021). Balance and postural training are
beneficial in fall reduction in the elderly (Kuptniratsaikul et al., 2011) and also recommended for
younger, healthy populations (Lesinski, Hortobágyi, Muehlbauer, Gollhofer, & Granacher, 2015).
Physical activity (PA) and exercise play a major role in the prevention of falls through improved
balance, gait function, and muscular strength (Perera et al., 2018). Thus, understanding how PA
impacts balance may aid in reducing the risk of falls and potentially lead to greater quality of life.
Participation in PA is associated with improved balance. Bulbulian and Hargan (2000)
found that older adults (69.1±4.4 years) who were physically active were able to balance almost
20 seconds longer during the Romberg Test of Standing Balance than those who were inactive.
While much research has examined the impact of PA on balance in older adults, less is known
about the effects of PA on balance in middle-aged populations. Indeed, many of the studies that
examine PA in individuals >45 years also include older adults (>65 years) in the analysis
(Bermúdez-Rey et al., 2017; Blodgett et al., 2015; Dogra & Stathokostas, 2012; Loprinzi &
Brosky, 2014), and therefore the impact of PA on static balance in only a middle-aged
population is not as well understood.
The role of PA intensity on balance is not fully clear. Loprinzi and Brosky (2014) found
that for every 1-unit increase in log-transformed minutes of MVPA, odds of having good balance
were 24% higher in adults aged >40 years (Loprinzi & Brosky, 2014). This same study found
that every 60-min increase in light-intensity PA (LPA) demonstrated a 10% higher odds of
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having good balance (Loprinzi & Brosky, 2014). However, given that MVPA and LPA were
represented on different scales, it is difficult to fully distinguish the role of PA intensity on
balance in this study. Further, Pau et al. (2014) demonstrated that vigorous physical activity
(VPA) was superior to improving parameters of gait and sit-to-stand time compared to LPA in
individual’s greater than 65 years. However, no difference was found in the improvement in
postural sway following LPA and VPA training. Collectively, these results suggest the role of
exercise intensity on balance may not be fully understood. Additionally, the role of PA intensity
in middle-aged populations is less well known.
Given the limited research examining the effects of PA intensity on balance in middleaged adults, the purpose of this study was to examine the influence of PA intensity on static
balance in middle-aged individuals. We hypothesized that MVPA would result in higher odds of
having good static balance compared to LPA in middle-aged adults.

Methods
Study Population
The 2003-2004 survey years of the NHANES served as the source of data for this
observational, cross-sectional secondary data analysis. The main measurements included minutes
of light and moderate-vigorous physical activity and pass/fail Romberg Balance Test, which
occurred in the mobile examination centers during the examination component. Middle aged
adults were included in the analysis who were 40-64 years of age. In a sub-analysis, we also
included older adults age ≥65 years of age to compare to the middle-aged adults. Adults were
included if they had complete data for physical activity and balance testing, as well as complete
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data for other relevant variables (gender, ethnicity, education, history of falling, height, weight,
and BMI). Individuals were excluded from balance testing if they met any of the following
criteria: dizziness or unsteadiness while standing, weighing over 275 lbs., waist circumference
that does not fit a standard-sized safety belt, use of a leg brace to stand, or amputations of the
lower limbs (Centers for Disease Control and Prevention (CDC), 1999-2000). For the physical
activity monitor component, individuals were also excluded if they used a wheelchair or had
other impairments that prevented them from walking or wearing a physical activity monitor.
Balance testing
Static balance was assessed utilizing the Romberg Test of Standing Balance on Firm and
Compliant Surfaces (Romberg Balance Test) (Khasnis & Gokula, 2003; Shu et al., 2020), which
evaluates the ability to balance unassisted under four conditions, with each condition increasing
in difficulty. Prior to testing, each participant completed a pre-examination questionnaire to
determine their ability to participate in the test. If participants were eligible to participate, they
began with condition 1; this makes use of all the sensory inputs (central vestibular system,
vision, and proprioception) by having participants stand with their eyes open, feet together, and
arms folded across the waist, holding the elbows with the hands. Condition 2 tested balance with
only vestibular and proprioceptive inputs available by having participants stand in the same
position as test condition 1 but with their eyes closed. In test condition 3, participants stood on a
foam-padded surface with their eyes open, which reduced proprioceptive input but left visual and
vestibular cues available. Finally, in condition 4, participants stood on the foam-padded surface
with their eyes closed to use solely the vestibular system. Test conditions 1 and 2 were
conducted for 15 seconds each while conditions 3 and 4 were conducted for 30 seconds each.
Balance was scored on a pass/fail basis in all conditions (Agrawal et al., 2011; Bermúdez-Rey et
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al., 2017; Loprinzi & Brosky, 2014). Test failure was defined as the participant: 1) using arms or
feet to maintain balance, 2) beginning to fall or requiring that a technician intervene to maintain
balance, or 3) needing to open their eyes (conditions 2 and 4 only). Participants were allowed
one re-test for each condition. Individuals who failed any of the four conditions were placed into
a poor static balance category. Individuals who passed all four conditions were placed into a
good static balance category. Further details of balance testing procedures are available at
https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/ba.pdf.
Accelerometer Data and Analysis
The accelerometer used to track PA was an ActiGraph AM-7164 (ActiGraph, Ft. Walton
Beach, FL) (Crouter et al., 2013). Accelerometers were not worn during activities such as
swimming or water aerobics, due to the device not being waterproof, and participants were
instructed to remove the device at bedtime. Accelerometers were worn around the participants’
waist near the iliac crest on the right side for 7 consecutive days. Non-wear was defined by a
minimum period of 60 consecutive minutes of no activity counts, with an allowance of 2 minutes
or less of activity counts between 0 and 100 ("Examination Data Overview: National Health and
Nutrition Examination Survey," 2003-2004). Participants with at least 4 days of 10 or more
hours per day of valid wear time were included in the analysis to adequately capture habitual PA
patterns. Accelerometers detect and record the intensity of movement, frequency, and duration of
PA through generating an activity count. One-minute time intervals were used in NHANES, and
intensity was summed over each 1-minute period.
First, MVPA was classified as activity counts of ≥2,020 per minute and LPA was
classified as activity counts between 100-2,019 per minute (Boyer et al., 2016; Loprinzi &
Brosky, 2014; Wolff-Hughes et al., 2015). The physical activity monitor considers LPA as
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activity counts of 100-760 range, and leisure time physical activity as 760-2019; thus, we
combined these categories into 1 light activity count measure for analysis. Minutes per day of
MVPA and LPA were averaged across all valid worn days to determine average daily MVPA
and LPA.
Additional variables
Demographic information was collected at home interviews of survey participants via
computer-assisted personal interviewing methodology. Self-reported interview records were
reviewed by the NHANES field office staff for accuracy and completeness. Basic demographic
data used in this analysis were age, gender, race/ethnicity, and education level. Body mass index
(BMI) was calculated from height and weight measured at mobile examination centers. A
questionnaire on balance was included as a covariate that asked participants to answer yes or no
to the following: “During the past 12 months, have you had dizziness, difficulty with balance or
difficulty with falling?”
Statistical Analysis
Data were downloaded from the NHANES website (except for the accelerometer data)
and merged using Statistical Analysis System (SAS) software (Version 9.4 SAS Institute Inc,
Cary, North Carolina). To account for over-sampling, complex design features of NHANES, and
nonresponse of individuals during data collection, adjusted 2-year population mobile
examination center weights derived from web-application accelerometer files (Van Domelen,
n.d.) were used to generate estimates according to the National Center for Health Statistics
analytical guidelines (Johnson et al., 2013). Differences between categorical demographic
variables (race/ethnicity, education, gender, falling/balance questionnaire) by static balance were
evaluated using a complex sample, Rao-Scott Adjusted Chi-Square statistic. Differences between
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continuous variables (BMI, age, MVPA, and LPA) by static balance were evaluated using a
complex sample, general linear model procedure that is equivalent to an independent t-test (IBM,
2020).
The accelerometer data were processed and downloaded using a web application (Van
Domelen, n.d.). The algorithm used to extract and analyze the accelerometer data was selected as
“simple,” which takes a conservative approach for defining non-wear time. The associations
between participation in MVPA and LPA and static balance were computed via multivariable
logistic regression. We determined the odds of having good static balance in association with
increased participation in MVPA and LPA, with poor static balance as the reference category.
The continuous variable of MVPA was split into 10-minute increments, because MVPA
accumulated in short bouts of 10-min increments has been found to have protective health
benefits (White et al., 2015). LPA, in contrast, was split into 60-minute increments, similar to
Loprinzi and Bronsky (2014) who found an increase of LPA by 60-min was associated with
improved balance. Collectively, the variables in the multivariate analysis included LPA (60-min
increments), MVPA (10-minute increments), age, BMI, gender, ethnicity, education, and
dizziness/impaired balance/previous fall question as the independent and control variables, and
static balance as the dependent variable. Further pairwise comparison was examined for
differences between measures whose 95%CI did not cross one. Statistical significance was set at
p≤0.05 for all tests.
Results
Middle-aged adults
The main analysis that focused on middle-aged adults included 1,068 participants (Table
3). Of the middle-aged adults, 700 participants had good static balance and 368 had poor static
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balance. Further, mean age was lower in participants with good balance than those with poor
balance (p < 0.001), and BMI was significantly lower in the poor balance group compared to the
good balance group (p=0.028). While gender and race/ethnicity did not vary between the balance
groups, participants who had good balance were more educated (p<0.001) and less likely to selfreport having problems with dizziness, balance, and falling in the past year than participants with
poor balance (p<0.001). Participants with good static balance participated in a mean ± standard
error (SE) of 24.4 ± 1.2 minutes per day of MVPA while for LPA it was 355.4 ± 3.3 minutes per
day. In the poor static balance group, the mean ± SE minutes per day of MVPA was 23.0 ± 1.7
and for LPA it was 349.8 ± 4.7. No statistically significant differences were detected when
comparing minutes of MVPA or LPA by balance group.
In separate unadjusted logistic regression analyses, no significant relationship was found
between 10-minute increments of MVPA (odds ratio (OR): 1.04 95%CI: 0.95, 1.13, p=0.427)
and having good static balance, or 60-minute increments of LPA (OR:1.05 95%CI: 0.97, 1.14,
p=0.182) and having good static balance. Furthermore, after adjusting for covariates and
simultaneously including both LPA and MVPA, both PA variables had nonsignificant odds
(p=0.375, p=0.937) (LPA OR: 1.09, 95%CI: 0.94, 1.27 and MVPA OR: 1.01, 95% CI: 0.91,
1.12) of good static balance, as shown in Table 4. In contrast, age (p<0.001), BMI (p=0.036),
education level (p<0.001), and having self-reported problems with dizziness, balance, and falling
in the past year (p=0.007) were significantly associated with balance status in middle-aged adults
(Table 4).
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Table 3. Characteristics of the Participants, middle age (40-64 years).
Characteristics

Good Static Balance
(n= 700)
49.5  0.34
28.5  0.24

Poor Static Balance
(n= 368)
52.2  0.43
27.5  0.36

P-value

Age (years)
<0.001*
BMI (kg∙m-2)
0.028*
Gender (n, %)
0.905
Male
348 (48.7)
177 (48.3)
Female
352 (51.3)
191 (51.7)
Race/Ethnicity (n, %)
0.325
Mexican Hispanic
133 (5.2)
79 (5.8)
Other Hispanic
15 (2.7)
11 (3.9)
Non-Hispanic white
375 (76.9)
192 (73.8)
Non-Hispanic black
148 (10.9)
68 (9.8)
Other
29 (4.3)
18 (6.6)
Education Level (n, %)
<0.001*
< High School Diploma
118 (8.7)
112 (18.3)
High School Diploma, GED
158 (22.7)
104 (30.7)
> High School Diploma
424 (68.6)
152 (51.0)
Dizziness/Balance/Falling problems in the past year
<0.001*
Yes
122 (17.4)
108 (29.2)
No
578 (82.6)
260 (70.8)
MVPA (min/day)
24.4 ± 1.2
23.0 ± 1.7
0.481
LPA (min/day)
355.4 ± 3.3
349.8 ± 4.7
0.265
Continuous data are mean  SE. For categorical data, the numbers inside parentheses are percentages weighted to U.S. population while the numbers outside
parentheses are unweighted counts. *p≤0.05
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Table 4. Odds ratio (95% CI) from multivariate logistic regression on the association between physical activity and odds of having good static balance in the
middle age group (40-64 years of age).
Middle Age (40-64 years)
(n=1068)
Characteristics

Odds Ratio (95% CI)

P-value

60-min LPA
1.09 (0.94, 1.27)
0.375
10-min MVPA
1.01 (0.91, 1.12)
0.937
Age (years)
0.94 (0.92, 0.96)
<0.001*
BMI (kg•m2)
1.04 (1.00, 1.08)
0.036*
Female (vs male)
1.14 (0.84, 1.56)
0.372
Race/Ethnicity
0.752
Mexican American vs Non-Hispanic White
1.03 (0.55, 1.91)
Other Hispanic vs Non-Hispanic White
0.64 (0.33, 1.24)
Non-Hispanic Black vs Non-Hispanic White
1.09 (0.73, 1.62)
Other/Multi Racial vs Non-Hispanic White
0.75 (0.36, 1.56)
Education Level
<0.001*
Some high school vs some college
0.36 (0.23, 0.58)
High school diploma/GED vs some college
0.51 (0.35, 0.74)
No dizziness/Balance/Falling problems in the past year (vs yes)
1.74 (1.20, 2.55)
0.007*
CI= Confidence Interval; LPA=light physical activity; MVPA= moderate to vigorous physical activity; BMI= body mass index
Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test). A single multivariate logistic regression model was computed
including both MVPA and LPA. Male is the reference group for gender.
LPA is expressed as a 60-minute interval change; MVPA is expressed as a 10-minute interval change *p≤0.05
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Older adults
Table 5 depicts characteristics of the older adult population. Within older adults, 236
participants had good static balance and 588 had poor static balance. Older adults with good
static balance had a mean ± SE of 10.1 ± 0.94 min/day of MVPA while for LPA it was 302.2 ±
4.9 min/day. For the poor static balance group, MVPA was 7.9 ± 0.61 min/day and for LPA it
was 274.9 ± 4.4 min/day. The differences in MVPA and LPA between balance groups were
statistically significant ( p=0.044, p<0.001, respectively). As shown in Table 5, older adults with
good balance were significantly younger (p<0.001), had higher BMI (p=0.001), and were less
likely to have problems with dizziness, balance, and falling in the past year (p=0.038) than
participants with poor balance.
In separate unadjusted logistic regression analyses, LPA and MVPA were significantly
associated with having higher odds of good balance (LPA OR: 1.28, 95%CI:1.15, 1.41, p<0.001
and MVPA OR: 1.25, 95%CI: 1.08, 1.45, p=0.006). Table 6 depicts odds ratios from an adjusted
multivariate logistic regression examining the association between PA and the odds of having
good balance in older adults. In this analysis, every 60-min increase in LPA was associated with
high odds of good static balance (OR: 1.19, 95% CI: 1.09 1.31, p=0.001), while no significant
difference between every 10-min increases in MVPA and odds of good static balance was found
(OR:1.11, 95% CI: 0.95, 1.31, p=0.182). In addition to age (p<0.001) a pairwise comparison
found being Mexican American (p=0.007) or Other/Multi Racial (p=0.028) compared to nonHispanic white was associated with having decreased odds of good static balance.
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Table 5. Characteristics of the Participants, older population (≥ 65 years).
Good Balance
Poor Balance
Characteristics
P-value
(n= 236)
(n= 588)
Age (years)
<0.001*
71.7  0.48
74.5  0.35
0.001*
BMI (kg•m-2)
29.0  0.33
27.4  0.24
Gender (n, %)
0.363
Male
129 (48.4)
307 (44.8)
Female
107 (51.6)
281 (55.2)
Race/Ethnicity (n, %)
0.252
Mexican American
38 (2.4)
121 (3.3)
Other Hispanic
4 (1.6)
11 (2.0)
Non-Hispanic white
157 (85.7)
379 (83.8)
Non-Hispanic black
33 (8.7)
57 (6.6)
Other
4 (1.6)
20 (4.3)
Education Level (n, %)
0.376
< High School Diploma
88 (25.7)
227 (28.0)
High School Diploma, GED
60 (29.1)
154 (31.4)
> High School Diploma
88 (45.2)
207 (40.7)
Dizziness/Balance/Falling problems in the past year
0.038*
Yes
46 (21.2)
169 (29.6)
No
190 (78.8)
419 (70.4)
MVPA (min/day)
10.1 ± 0.94
7.9 ± 0.61
0.044*
LPA (min/day)
302.2 ± 4.9
274.9 ± 4.38
<0.001*
Continuous data are mean  SE. For categorical data, the numbers inside parentheses are percentages weighted to U.S. population while the numbers
outside parentheses are unweighted counts. *p≤0.05
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Table 6. Odds ratio (95% CI) from multivariate logistic regression on the association between physical activity and odds of having good static
balance in an older adult population (≥65 years of age).
Older Age (≥ 65 years)
(n=824)
Characteristics
60-min LPA
10-min MVPA
Age (years)
BMI (kg•m-2)
Female (vs male)
Race/Ethnicity
Mexican American vs Non-Hispanic White
Other Hispanic vs Non-Hispanic White
Non-Hispanic Black vs Non-Hispanic White
Other/Multi Racial vs Non-Hispanic White

Odds Ratio (95% CI)

P-value

1.19 (1.09, 1.31)
1.11 (0.95, 1.31)
0.92 (0.89, 0.96)
1.04 (0.99, 1.09)
0.96 (0.71, 1.29)

0.001*
0.182
<0.001*
0.085
0.761
0.067

0.52 (0.33, 0.81)*
0.61 (0.12, 3.15)
1.12 (0.52, 2.39)
0.38 (0.16, 0.89)*

0.486
1.00 (0.65, 1.56)
0.83 (0.52, 1.34)
1.33 (0.82, 2.20)
0.218
No dizziness/Balance/Falling problems in the past year (vs yes)
CI= Confidence Interval; LPA=light physical activity; MVPA= moderate to vigorous physical activity; BMI= body mass index
Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test). A single multivariate logistic regression model was
computed including both MVPA and LPA.
LPA is expressed as a 60-minute interval change; MVPA is expressed as a 10-minute interval change *p≤0.05 and significant pairwise comparison
Education Level
Some high school vs some college
High school diploma/GED vs some college
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Discussion
The purpose of this study was to examine whether having good static balance in middleage is associated with MVPA and LPA. Interestingly, MVPA and LPA were not associated with
static balance in this sample of middle-aged American adults, but LPA was significantly
associated with balance in older adults. Specifically, in older adults, when adjusting for
potentially confounding variables and MVPA, every 60-min increase in LPA was associated
with 19% higher odds of good static balance. These results suggest the important contribution of
LPA on static balance in older-aged adults, whereas it appears neither MVPA nor LPA is
associated with good static balance in middle-aged adults.
The study that is most directly comparable to the current investigation is that of Loprinzi
and Brosky (2014). They concluded that middle-aged and older adults (>40 years of age) have
10% higher odds of good balance with every 60-minute increase in LPA and 24% higher odds of
having good balance with every 1-unit increase in log-transformed MVPA. While their analysis
did control for age (binned by decade), the lack of PA effects in middle-age within the present
study suggests separate analyses by age category may be warranted. In addition, their study did
not account for the combined effects of PA intensity on balance. It is likely that individuals have
a wide range of combined LPA and MVPA levels, which should be controlled for when
examining the relationships between PA and balance. In the present study, we found that when
including both types of PA in our multivariate logistic regression, LPA and MVPA were not
associated with good balance in the middle-aged population, but LPA was associated with good
balance in the older population.
One rationale as to why LPA was significantly associated with good static balance in
older adults, while MVPA was not, is the fact that mean MVPA in that age group was well
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below the 150 min/week (or 21.4 min/day) recommended by the Physical Activity Guidelines for
Americans ((2018). Population-reference data for U.S. adults by Wolff-Hughes et al. (2015)
shows that although both LPA and MVPA decline after age 40, the relative drop in MVPA is
more precipitous. Further, as confirmed by Evenson et al. (2012), choice of cut point for
determining MVPA in the elderly remains a point of debate, and the threshold that was used in
this study (2,020 counts/min) gives the impression that the elderly perform little-to-no MVPA.
Had we used a lower threshold for MVPA, it is possible that our models would have shown
MVPA to be associated with balance. Overall, these results extend the literature regarding the
contribution of PA intensity to balance in middle-aged and older adults but also suggest that
future studies examine how using different cut points for LPA and MVPA in these age groups
impacts the associations.
In line with other research, age was an important predictor of balance in this study. While
the burden of falls in the elderly is widely known, less population-based research has targeted
adults <65 years of age (Talbot et al., 2005). When examining the impact of age on balance, the
prevalence of failure in the condition 4 Romberg Balance Test progresses with age such that a
failure of 9.7% is reported in adults 40-49 years, increasing to 15.5% in adults 50-59, 34.7% in
adults 60-69, and 60% in adults ≥70 years of age (Bermúdez-Rey et al., 2017). Further, Liaw et
al. (2009) determined elderly individuals (60-80 years) have a higher degree of postural
imbalance compared to middle-age (40-59 years) and young (19-35 years) adults. Specifically,
their study utilized a Sensory Organization Test (SOT) that included a balance condition 5, in
which subjects close their eyes and a platform is swayed; this alters visual and somatosensory
input, similar to that of the condition 4 of the Romberg Balance Test (Hong, Park, Kwon, Kim,
& Koo, 2015). The SOT provides a score of 100% for the highest stability and 0 for the least
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stability (Liaw et al., 2009). The older-adult average stability score (67.6  6.5) was significantly
lower than the middle-age (69.9  5.8) and young-age (76.3  5.7) groups. As one ages, stability
and postural control is altered, which could impact one’s ability to maintain balance.
Collectively, the results from these studies corroborate the findings in the present study in that
increased age (in both middle-aged and older adults) was significantly associated with a reduced
odds of good balance on the Romberg Balance Test. Increased loss of muscular strength,
endurance, joint flexibility, and balance inhibit PA and performance of basic functional tasks
(Lohne-Seiler, Kolle, Anderssen, & Hansen, 2016). However, it also seems that reduced PA
negatively impacts, or is at least correlated with, static balance after the age of 60 years.
Other predictors of balance in this analysis included BMI and a self-reported history of
dizziness, difficulty with balance, or falling problems in the past year. Interestingly, increased
BMI was associated with a trend toward good static balance (p=0.036, OR=1.04, (%CI:
1.00,1.08) in the middle-aged population; the OR was the same size in older adults but not
significant, likely due to a slightly smaller sample size. The present study does align with
Loprinzi and Brosky (2014), who also found adults ≥40 years with increased BMI from
NHANES to have higher odds of increased functional balance on the Romberg Test of Standing
Balance. Other research has found positive, negative, or null associations between BMI and
balance or fall risk in older adults (Cho, Seo, Lin, Lohrmann, & Chomistek, 2018; Dutil et al.,
2013; Mitchell et al., 2014). A potential rationale behind the observed association in the present
study is that BMI may be representing other health and physiological characteristics in middleaged and older adults, like general health status or skeletal muscle mass, which is closely linked
to balance and fall risk (Gouveia et al., 2020). The loss of substantial amounts of weight,
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particularly in middle and older age, may be indicative of underlying disease and/or an
accelerated muscle loss with aging (Miller & Wolfe, 2008).
The strengths of this study are the use of a nationally representative dataset of middleaged and older adults in the United States, and thus the results are largely generalizable. This
study also contributes knowledge into the association of exercise intensity on balance in the
middle-aged adult population, given that much of these data focuses on older adults.
Confounding variables were attempted to be minimized through the inclusion of models
adjusting for potential balance predictors, such as age, BMI, ethnicity, education, and
dizziness/impaired balance/falling problems within the previous year. While there are numerous
strengths, this study is not without limitations. The NHANES uses a cross-sectional design and
cannot support strong causal or temporal inferences despite the notable statistical power
associated with the data sets. The Romberg Test of Standing Balance was utilized to determine
poor or good balance; although this does not assess both static and dynamic balance, this test is a
common standard assessment in clinical and research settings (Lin et al., 2020). While we
included LPA and MVPA as continuous variables in our analysis, we did not directly examine
the interaction between high/low MVPA/LPA on balance. Further, although our MVPA analysis
in older adults was based on a set count-per-minute threshold that is common across PA
research, future studies may consider using relative-intensity cut-points based on age.
Conclusion
LPA and MVPA were not associated with good static balance in middle-aged adults;
however, we did find that LPA was significantly associated with good static balance in older
adults. Poor balance is directly associated with fall risk and is a major health concern in the aging
population (Papalia et al., 2020). With the significant relationship between age and fall risk,
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identifying risk profiles, screening tools, and relationships that could aid in prevention strategies
throughout the middle-to-older-adult years is vital. Future studies should be aimed at examining
other risk factors for falls in the middle adult population, which is lacking in research. This may
aid in identifying those individuals who are at a greater likelihood for falls and, thus, provide a
means for early intervention in preventing falls before they occur.
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CHAPTER IV STUDY 3
THE ASSOCATIONS BETWEEN ANTHROPOMETRY AND STATIC BALANCE IN A
MIDDLE-AGED POPULATION
Introduction
Obesity is linked to decreased lower extremity function and fall risk in older adults
(Mitchell et al., 2014). One study of older adults who were obese (Body Mass Index (BMI) ≥30
kg/m2), for example, showed they had a 31% higher risk of falls compared to healthy-weight
individuals (Mitchell et al., 2014). This increased risk of falls in obese individuals remains even
after adjusting for confounders such as diabetes, hypertension history, smoking, age,
race/ethnicity, and gender (Bermúdez-Rey et al., 2017). Specifically, in regard to the impact of
obesity on static balance, obese individuals have a 18.75% failure rate on the Romberg Test of
Standing Balance compared to a 9.45% failure rate in individuals with a normal BMI (BermúdezRey et al., 2017).
BMI is closely linked to body fat percentage in the general population (Romero-Corral et
al., 2008). Studies not only identify significant associations between high BMI with poor balance
and fall risk but also between body fat distribution (Bermúdez-Rey et al., 2017; Mitchell et al.,
2014; Silvia G R Neri et al., 2020). Body fat accumulation in the abdominal region is related to
instability in middle-aged women (Cieślińska-Świder et al., 2017; Hita-Contreras et al., 2013; Ochi
et al., 2010). Further, in a study of adults older than 75 years, 17.7% of men with a waist-to-hip
ratio (WHR) of >0.99 suffered a fall in the past 6 months compared to 13.7% of those with a ratio
of 0.891-0.920; and in women 25.8% with a WHR >0.90 compared to 17.7% with a WHR ≤0.79
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(Price et al., 2006). Body fat distribution in the middle and lower regions of the body may help
identify greater fall risk.
Calf circumference (CC) reflects appendicular skeletal muscle mass and thigh
circumference (TC) reflects whole body skeletal muscle mass (Hodgkiss & McCarthy, 2017;
Rolland et al., 2003). In the elderly, CC is a tool to identify risk of lower extremity frailty (Landi
et al., 2014; Sun et al., 2017). This is thought to be explained by the fact that CC has a “less biased”
association with muscle mass than other body sites. The calf is generally less affected by body fat
deposits as compared to the waist or thigh and thus is a better surrogate marker of skeletal muscle
mass, which is linked to balance (Santos et al., 2019; Szulc et al., 2005). Similar to CC, TC is
highly correlated to appendicular skeletal muscle mass, not only in older adults but also young-tomiddle-aged adults (Santos et al., 2019). TC may be a better indicator of leg-muscle mass
compared to hip circumference measures, as TC is less influenced by bone and gluteal fat (Snijder
et al., 2003). Specific anthropometric measures represent a greater association with skeletal muscle
mass and thus could be more closely associated with balance (Wu et al., 2019; Zagyapan et al.,
2012).
Age-related loss of muscle mass, a condition known as sarcopenia, leads to decreased
muscle strength, resulting in poor lower extremity function (Larsson et al., 2018) and falls in older
adults (Yeung et al., 2019). Stewart et al. (2002) and Landi et al. (2014) established that a larger
CC is related to a lower frailty score and protective against falling. In fact, CC is a surrogate marker
for diagnosing sarcopenia in adults 40-89 years of age (Kawakami et al., 2015). Reductions in CC
and TC are reflective of decreased muscle mass and may be indicative of poor balance. Wu et al.
(2019) demonstrated in a nationally representative sample of adults ≥40 years of age that having
lower CC and TC was associated with having vestibular dysfunction, a significant factor in static
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balance control. Notably, greater muscle mass is associated with better balance in the elderly
(Castillo-Rodríguez et al., 2020).
Combining anthropometric measures that generally reflect different body tissues (fat and
muscle) into a single variable may, in some instances, result in improved health outcome
predictions. Given that waist circumference (WC) tends to reflect central adiposity and that CC
and TC tend to reflect appendicular muscle mass, the ratios of WC to CC (WC/CC) and WC to TC
(WC/TC) are potentially worth exploring as predictors of health outcomes. Indeed, studies
demonstrate that WC/CC, compared to each single measure on its own, is a better index for
assessing the disproportionality between abdominal fat and leg muscle mass, risk of cardiovascular
disease (Kim et al., 2011), and health-related quality of life in the elderly (Yang et al., 2020).
Though, research on the relationships between WC/CC and aspects of balance is much more
limited. Wu et al. (2019) demonstrated that individuals ≥40 years of age with lower CC and TC or
higher WC/CC and WC/TC have a greater odds of having vestibular dysfunction. While this study
included gender as a control variable in the modeling, men and women were still analyzed together,
which may not be ideal given known sex differences in body size, composition, and shape.
Although using ratios such as WC/CC and WC/TC sometimes results in improved
predictive power compared to their component circumference values alone, changing the scaling
of one or more variables in a ratio may potentially be more closely associated with health
outcomes. For example, BMI is a measure of weight by squared height, which is preferred to
weight by height or weight by the cube of height, due to its close association with body fat (Keys
et al., 2014). Likewise, WC by squared or cubed height, places a greater emphasis on central
adiposity and increases the incidence of developing hypertension in young adults (Fuchs et al.,
2005). In children, Almeida et al. (2016) determined squared WC-to-height ratio and squared CC
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or squared hip circumferences contributed to the prediction of percent body fat. Thus, it is possible
that the associations with balance measures could be strengthened by changing the scaling of
WC/CC or WC/TC through squaring one of the circumference values.
We aimed to determine which body anthropometric measures were most closely
associated with good static balance in a nationally representative sample of middle-aged adults
(40-64 years of age). Secondary analyses included adults ≥ 65 years of age for comparison.
Participants were separated into gender, middle- and older-age groups, and the body
anthropometric measures of: BMI, WC, CC, TC, WC/CC, WC/CC2, WC/TC, and WC/TC2 were
included in the analysis to determine the odds of having good static balance. We explored which
body anthropometric measures are more closely associated with static balance. We hypothesized
WC/CC2 and WC/TC2 would have a stronger association with static balance than all other
variables. Further, we examined how age group (middle age vs. older age) and gender impacted
these associations.
Methods
Study Population
Data for this observational, cross-sectional secondary data analysis were collected from
the 2003-2004 survey years of NHANES. This analysis included adults 40-64 years of age and a
sub-analysis included older adults age ≥65 years of age for comparison. The main measurements
included pass/fail on the Romberg Test of Standing Balance, and body anthropometric data from
the mobile examination centers examination component. Adults were included in the analysis if
they had complete data for PA, balance testing, and relevant anthropometric data. Individuals
were excluded from balance testing if they met any of the following criteria: dizziness or
unsteadiness while standing, weighing over 275 lbs, WC that does not fit a standard-sized safety

69
belt, use of a leg brace to stand, or amputations of the lower limbs (Centers for Disease Control
and Prevention (CDC), 1999-2000). For the PA monitor component, individuals were excluded
if they used a wheelchair or had other impairments that prevented them from walking or wearing
a PA monitor. There were no medical, safety, or other exclusions for the body measures
protocol.
Anthropometric and Body Composition Measures
Body measurements used in this analysis were BMI, WC, CC, and TC. BMI is a ratio
measure of mass to height squared of an individual and correlates relatively strongly with body
fat (Nuttall, 2015). Body weight was measured during the mobile examination center component
to the nearest 0.1 kg using a Toledo digital scale (Mettler-Toledo LLC., Columbus, OH).
Standing height was measured with a fixed stadiometer (SECA, Hamburg, Germany). BMI (in
kg/m2) is calculated from these data. Circumference measurements were taken with a tape
measure while participants were standing or sitting for the calf measurement. WC was taken at
the level of the uppermost lateral border of the ilium in the midaxillary line. The CC on the right
calf was taken at the greatest circumference in a plane perpendicular to the long axis of the calf.
TC was taken at a midpoint, found as the middle point between the inguinal crease and proximal
border of the patella. All measurements were taken to the nearest 0.1 cm. In addition, ratio
measurements were calculated as follows: waist-to-calf circumference (WC/CC), and waist-to
calf-circumference squared (WC/CC2), waist-to-thigh circumference (WC/TC), and waist-tothigh circumference squared (WC/TC2). All body anthropometric measures were separated into
quartiles for interpretability purposes.
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Balance Testing
Static balance was assessed utilizing the Romberg Test of Standing Balance on Firm and
Compliant Surfaces (Romberg Balance Test) (Khasnis & Gokula, 2003; Shu et al., 2020), which
evaluates the ability to balance unassisted under four conditions, with each condition increasing
in difficulty. Prior to testing, each participant completed a pre-examination questionnaire to
determine their ability to participate in the test. If participants were eligible to participate, they
began with condition 1; this makes use of all the sensory inputs (central vestibular system,
vision, and proprioception) by having participants stand with their eyes open, feet together, and
arms folded across the waist, holding the elbows with the hands. Condition 2 tested balance with
only vestibular and proprioceptive inputs available by having participants stand in the same
position as test condition 1 but with their eyes closed. In test condition 3, participants stood on a
foam-padded surface with their eyes open, which reduced proprioceptive input but left visual and
vestibular cues available. Finally, in condition 4, participants stood on the foam-padded surface
with their eyes closed to use solely the vestibular system. Test conditions 1 and 2 were
conducted for 15 seconds each while conditions 3 and 4 were conducted for 30 seconds each.
Balance was scored on a pass/fail basis in all conditions (Agrawal et al., 2011; Bermúdez-Rey et
al., 2017; Loprinzi & Brosky, 2014). Test failure was defined as the participant: 1) using arms or
feet to maintain balance, 2) beginning to fall or requiring that a technician intervene to maintain
balance, or 3) needing to open their eyes (conditions 2 and 4 only). Participants were allowed
one re-test for each condition. Individuals who failed any of the four conditions were placed into
a poor static balance category. Individuals who passed all four conditions were placed into a
good static balance category. Further details of balance testing procedures are available at
https://wwwn.cdc.gov/nchs/data/nhanes/1999-2000/manuals/ba.pdf.
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Accelerometer Data and Analysis
The accelerometer used to track PA was an ActiGraph AM-7164 (ActiGraph, Ft. Walton
Beach, FL) (Crouter et al., 2013). Accelerometers were not worn during activities such as
swimming or water aerobics, due to the device not being waterproof, and participants were
instructed to remove the device at bedtime. Accelerometers were worn around the participants’
waist near the iliac crest on the right side for 7 consecutive days. Non-wear was defined by a
minimum period of 60 consecutive minutes of no activity counts, with an allowance of 2 minutes
or less of activity counts between 0 and 100 ("Examination Data Overview: National Health and
Nutrition Examination Survey," 2003-2004). Participants with at least 4 days of 10 or more
hours per day of valid wear time were included in the analysis to adequately capture habitual PA
patterns. Accelerometers detect and record the intensity of movement, frequency, and duration of
PA through generating an activity count. One-minute time intervals were used in NHANES, and
intensity was summed over each 1-minute period.
First, MVPA was classified as activity counts of ≥2,020 per minute and LPA was
classified as activity counts between 100-2,019 per minute (Boyer et al., 2016; Loprinzi &
Brosky, 2014; Wolff-Hughes et al., 2015). The physical activity monitor considers LPA as
activity counts of 100-760 range, and leisure time physical activity as 760-2019; thus, we
combined these categories into 1 light activity count measure for analysis. Minutes per day of
MVPA and LPA were averaged across all valid worn days to determine average daily MVPA
and LPA.
Additional Variables
Demographic information was collected at home interviews of participants via computerassisted personal interviewing methodology. Basic demographic data used in this analysis were
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age, gender, race/ethnicity, and education level. A questionnaire on balance was included that
asked participants to answer yes or no to the following: “During the past 12 months, have you
had dizziness, difficulty with balance or difficulty with falling?”
Statistical Analysis
Data were downloaded from the NHANES website (except for the accelerometer data)
and merged using Statistical Analysis System (SAS) software (Version 9.4 SAS Institute Inc.,
Cary, North Carolina). To account for over-sampling, complex design features of NHANES, and
nonresponse of individuals during data collection, adjusted 2-year population mobile
examination center weights derived from web-application accelerometer files (Van Domelen,
n.d.) were used to generate estimates according to the National Center for Health Statistics
analytical guidelines (Johnson et al., 2013). Differences between categorical demographic
variables (race/ethnicity, education, gender, falling/balance questionnaire) by static balance were
evaluated using a complex sample, Rao-Scott Adjusted Chi-Square statistic. Differences between
continuous variables (age, MVPA, and LPA) by static balance were evaluated using a complex
sample, general linear model procedure that is equivalent to an independent t-test (IBM, 2020).
The associations between body anthropometric measures (BMI, WC, CC, TC, WC/CC,
WC/CC2, WC/TC, and WC/TC2) and static balance were computed via univariate and
multivariable logistic regression. We determined the odds of having good static balance (versus
poor static balance) in association with quartiles of BMI, WC, CC, TC, WC/CC,
WC/CC2,WC/TC, and WC/TC2; quartile one served as the reference group. Univariate logistic
regression determined the individual relationship of each body anthropometric measure with
good static balance. In addition to reporting the significance of the test of main effects from the
SPSS output, pairwise comparisons, with quartile 1 as the reference group, were examined for
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quartiles 2, 3, and 4 (a 95%CI not crossing 1.0 indicated statistical significance). Multivariate
logistic regression computed each body anthropometric measure individually adjusted for
covariates of age, ethnicity, education, LPA and MVPA in Model 1; and age, ethnicity,
education, LPA and MVPA, and dizziness/impaired balance/falling within the past 12 months in
Model 2. The threshold for statistical significance was set at a p≤0.05.
Receiver Operating Characteristic (ROC) analysis, using adjusted 2-year population
mobile examination center weights and various R functions from the package “rnhanesdata” by
(Leroux et al., 2018) and (Leroux et al., 2019), was then used to calculate area under ROC curves
(AUC) between each body anthropometric variable (BMI, WC, CC, TC, WC/CC,
WC/CC2,WC/TC, and WC/TC2) and good static balance. The AUC analysis was adjusted for
age, ethnicity, education, LPA, MVPA, and dizziness/impaired balance/falling. Anthropometric
variables are ranked in decreasing order of their predictive performance as measured by the AUC
in separate predictor logistic regression with good static balance as the outcome. The AUC value
is a measure used for classification performance for binary classifiers (Flach, Hernández-Orallo,
& Ramirez, 2011). Higher AUC values indicate a better classifier. The AUC data can be
interpreted according to these guidelines (Laurson, Eisenmann, & Welk, 2011; Swets, 1988):
non-informational/equal to change (AUC=0.5), less accurate (0.5<AUC≥0.7), moderately
accurate (0.7<AUC≥0.9), highly accurate (0.9<AUC≥1.0), and a discriminatory test (AUC=1.0).
Results
Middle-Aged Adults
Descriptive statistics for the participants are shown in Table 7. Of middle-aged adults
included in the analysis, 1,050 met our inclusion criteria, 687 had good static balance, and 363
had poor static balance. In those with good static balance, mean age was lower (p<0.001), they
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were more educated (p<0.001), and a higher percentage reported not having
dizziness/balance/falling problems within the previous 12 months (p<0.001) compared to those
with poor balance. As shown in Table 7, significant differences (p≤0.05) in body anthropometric
variables were present between those with good and poor balance, with the exceptions of BMI
and WC in women and WC in men.
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Table 7. Demographic and Body Anthropometrics of the middle-aged adults.
Good Balance
Poor Balance
Characteristics
P-value
(n= 687)
(n= 363)
Age (years)
<0.001*
49.4  0.4
52.3  0.5
Female
0.217
BMI(kg•m-2)
28.3  0.4
27.5  0.4
WC(cm)
0.583
93.6  0.7
94.2  0.8
CC(cm)
0.021*
38.7  0.3
37.5  0.4
TC(cm)
0.019*
54.0  0.4
51.9  0.6
WC/CC(cm)
<0.001*
2.42  0.01
2.52  0.01
WC/CC2(cm)
<0.001*
0.063  0.001
0.068  0.001
WC/TC(cm)
<0.001*
1.74  0.01
1.83  0.01
WC/TC2(cm)
<0.001*
0.033  0.000
0.036  0.001
Male
0.028*
BMI(kg•m-2)
28.7  0.4
27.4  0.4
WC(cm)
0.663
102.4  0.9
101.8  1.2
CC(cm)
0.006*
40.1  0.3
38.6  0.4
TC(cm)
0.003*
54.5  0.5
52.0  0.6
WC/CC(cm)
0.003*
2.55  0.01
2.64  0.02
WC/CC2(cm)
0.002*
0.064  0.001
0.069  0.001
WC/TC(cm)
<0.001*
1.89  0.01
1.96  0.02
WC/TC2(cm)
<0.001*
0.035  0.000
0.038  0.001
LPA (min/week)
0.157
356.0  3.4
348.6  4.5
MVPA (min/week)
0.375
24.5  1.3
22.6  1.7
Gender (n, %)
0.978
Male
341 (48.7)
176 (48.6)
Female
346 (51.3)
187 (51.4)
Race/Ethnicity (n, %)
0.364
Mexican American
128 (5.1)
78 (5.8)
Other Hispanic
15 (2.7)
10 (3.6)
Non-Hispanic white
372 (77.2)
190 (74.0)
Non-Hispanic black
143 (10.6)
67 (9.8)
Other
29 (4.4)
18 (6.7)
Education Level (n, %)
<0.001*
< High school diploma
116 (8.7)
111 (18.4)
High school diploma or GED
157 (22.9)
102 (30.5)
Some college or more
416 (68.4)
150 (51.0)
Dizziness/Balance/Falling problems in the past year
<0.001*
Yes
121 (17.6)
106 (28.9)
No
566 (82.4)
257 (71.1)
Continuous data are mean  SE. For categorical data, the numbers inside parentheses are percentages weighted to
U.S. population while the numbers outside parentheses are unweighted counts
BMI: body mass index, CC: calf circumference, LPA: light physical activity; MVPA: moderate-vigorous physical
activity, TC: thigh circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference
ratio, WC/CC2: waist circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh
circumference ratio, , WC/TC2 waist circumference to thigh circumference ratio squared; . *p≤0.05
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Table 8 demonstrates univariate logistic regression analysis in female middle-aged
populations. Higher CC and TC had a significantly (p≤0.05) greater odd of having good static
balance in middle aged females. Further, middle-aged females in the highest quartile of WC/CC,
WC/CC2, WC/TC, and WC/TC2 compared to the lowest quartile had a significantly (p≤0.05)
decreased odds of having good static balance. For clarity, a larger WC measure and smaller CC
or TC will result in a larger ratio; thus, those with a small ratio indicates a larger CC or TC
compared to the WC measures. Similarly, separate univariate logistic regression within the
middle-aged male population (Table 9) found significant (p≤0.05) negative relationships
between having high WC/CC, WC/CC2, WC/TC, WC/TC2 and good static balance. Although the
overall test of model effects was not statistically significant for BMI, CC, or TC, pairwise
analysis determined significant differences in relation to good static balance between the 4 th
quartile and the 1st quartile of BMI (p=0.026), CC (p=0.035), and TC (0.017). Within both
females and males, univariate analysis found older age, less education, and having
dizziness/balance/falling problems within the previous 12 months to be significantly associated
with having decreased good static balance.
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Table 8. Univariate associations between good balance and anthropometric parameters and selected control variables
in middle-aged females (n=533).
Body Measures
BMI(kg•m-2)
< 24.3
24.3-28.0
28.1-32.8
> 32.8
WC(cm)
< 86.1
86.1-94.6
94.7-104.9
>104.9
CC(cm)
≤ 35.2
35.3-37.6
37.7-40.7
> 40.7
TC(cm)
< 48.3
48.3-52.7
52.8-57.6
> 57.6
WC/TC(cm)
< 1.7
1.7-1.77
1.78-1.90
> 1.90
WC/TC2(cm)
< 0.02967
0.02968-<0.03329
0.03329-0.03808
> 0.03808
WC/CC(cm)
< 2.301
2.302-2.481
2.482-2.694
> 2.694
WC/CC2(cm)
< 0.0590
0.0590- <0.0652
0.0652-0.0726
> 0.0726
Age (years)
MVPA (min/day)
LPA (min/day)
Education
Some high school vs some college or more
High school diploma/GED vs some college or more
Ethnicity
Mexican American vs non-Hispanic white
Other Hispanic vs non-Hispanic white
Non-Hispanic black vs non-Hispanic white
Other/multi-racial vs non-Hispanic white
Dizzy/balance/falling problems the past year (yes vs no)

Odds Ratio (CI:95%)

p-value
0.239

1.00
0.88 (0.42, 1.85)
0.98 (0.55, 1.23)
1.48 (0.82, 2.68)
0.254
1.00
0.70 (0.37, 1.36)
0.58 (0.32, 1.05)
0.97 (0.58, 1.61)
0.047*
1.00
1.59 (0.98, 2.59)
1.35 (0.75, 2.41)
2.22 (1.15, 4.30)*
0.032*
1.00
1.71 (1.04, 2.81)*
1.52 (0.90, 2.56)
2.38 (1.31, 4.33)*
0.042*
1.00
0.56 (0.26, 1.18)
0.53 (0.24, 1.21)
0.37 (0.20, 0.69)*
0.021*
1.00
0.83 (0.37, 1.85)
0.50 (0.21, 1.20)
0.31 (0.15, 0.65)*
0.005*
1.00
0.76 (0.41, 1.41)
0.42 (0.34, 0.75)*
0.37 (0.22, 0.64)*
0.004*
1.00
0.60 (0.27, 1.33)
0.46 (0.21, 1.01)
0.22 (0.11, 0.43)*
0.94 (0.91, 0.97)
1.08 (0.88, 1.32)
1.04 (0.88, 1.24)

0.001*
0.447
0.593
0.011*

0.42 (0.22, 0.80)
0.47 (0.26, 0.85)
0.781
0.80 (0.43, 1.48)
0.99 (0.47, 2.09)
0.88 (0.58, 1.36)
0.73 (0.35, 1.51)
0.47 (0.30, 0.75)

0.004*
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Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval, *p≤0.05
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Table 9. Univariate associations between good balance and anthropometric parameters and selected control variables
in middle-aged males (n=517).
Body Measures
BMI(kg•m-2)
< 25.2
25.2- 27.9
28.0 – 31.0
> 31.0
WC(cm)
< 93.4
93.4-100.7
100.8-109.2
> 109.2
CC(cm)
< 36.7
36.7-38.9
39.0-41.2
> 41.2
TC(cm)
< 49.8
49.8-52.8
52.9-56.3
> 56.3
WC/TC(cm)
< 1.800
1.800-<1.903
1.903-2.017
> 2.017
WC/TC2(cm)
<0.0327
0.0327-<0.0362
0.0362-0.0396
> 0.0396
WC/CC(cm)
< 2.450
2.450-<2.596
2.596-2.735
> 2.735
WC/CC2(cm)
< 0.0609
0.0609-<0.0666
0.0666-0.0729
> 0.0729
Age (years)
MVPA (min/day)
LPA (min/day)
Education
Some high school vs some college or more
High school diploma/GED vs some college or more
Ethnicity
Mexican American vs non-Hispanic white
Other Hispanic vs non-Hispanic white
Non-Hispanic black vs non-Hispanic white
Other/multi-racial vs non-Hispanic white
Dizzy/balance/falling problems the past year (yes vs no)

Odds Ratio (CI:95%)

p-value
0.133

1.00
1.38 (0.83, 2.32)
1.25 (0.68, 2.30)
2.64 (1.14, 6.09)*
0.110
1.00
0.67 (0.44, 1.01)
0.81 (0.36, 1.84)
1.11 (0.51, 2.41)
0.177
1.00
1.51 (0.61, 3.78)
1.83 (0.72, 4.66)
2.80 (1.09, 7.21)*
0.088
1.00
1.28 (0.64, 2.53)
2.11 (0.89, 5.02)
3.58 (1.30, 9.88)*
0.001*
1.00
1.13 (0.63, 2.00)
0.56 (0.29, 1.08)
0.27 (0.13, 0.56)*
<0.001*
1.00
1.06 (0.59, 1.92)
0.52 (0.20, 1.35)
0.19 (0.08, 0.47)*
0.030*
1.00
0.80 (0.39, 1.63)
0.56 (0.30, 1.04)
0.33 (0.17, 0.62)*
0.016*
1.00
0.59 (0.34, 1.03)
0.36 (0.19, 0.67)*
0.24 (0.09, 0.63)*
0.93 (0.90, 0.97)
1.02 (0.94, 1.11)
1.07 (0.96, 1.20)

0.003*
0.572
0.195
0.002*

0.28 (0.15, 0.51)
0.67 (0.44, 1.02)
0.353
0.91 (0.44, 1.90)
0.48 (0.18, 1.27)
1.24 (0.73, 2.10)
0.48 (0.16, 1.43)
0.60 (0.40, 0.89)

0.014*
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Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared; Odds ratio is expressed with the 95% confidence
interval, *p≤0.05 and significant pairwise comparison

Multivariate logistic regression in middle-aged females (Table 10) found when
dizziness/balance/falling question is not included in the model (Odds Ratio Model 1), larger CC
and TC indicated a significantly (p≤0.05) higher odds to have good static balance. Furthermore,
females with larger WC/CC2 and WC/TC2 and have a significantly decreased odds to have good
static balance compared to the reference group. When the dizziness/balance/falling question was
included as a covariate in the model (Model 2) similar results were produced, except that
increased CC no longer remained significant. . Multivariate logistic regression in middle-aged
males (Table 11) (Model 1 and 2) found higher WC/CC, WC/CC2, WC/TC, and WC/TC2, have
a significantly (p≤0.05) decreased odd of having good static balance.
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Table 10. Multivariate association between good balance and anthropometric parameters, controlling for covariates
in middle-aged females (n=533).
Body Measure
BMI(kg•m-2)
< 24.3
24.3-28.0
28.1-32.8
> 32.8
WC(cm)
< 86.1
86.1-94.6
94.7-104.9
>104.9
CC(cm)
≤ 35.2
35.3-37.6
37.7-40.7
> 40.7
TC(cm)
< 48.3
48.3-52.7
52.8-57.6
> 57.6
WC/TC(cm)
< 1.7
1.7-1.77
1.78-1.90
> 1.90
WC/TC2(cm)
< 0.02967
0.02968-<0.03329
0.03329-0.03808
> 0.03808
WC/CC(cm)
< 2.301
2.302-2.481
2.482-2.694
> 2.694
WC/CC2(cm)
< 0.0590
0.0590- <0.0652
0.0652-0.0726
> 0.0726

Odds Ratio M1 (CI:95%)

Odds Ratio M2 (CI:95%)

1.00
0.95 (0.41, 2.20)
1.03 (0.55, 1.92)
1.71 (0.94, 3.17)

1.00
0.94 (0.40, 2.19)
1.02 (0.55, 1.87)
1.62 (0.92, 2.85)

1.00
0.73 (0.36, 1.51)
0.66 (0.35, 1.23)
1.20 (0.76, 1.90)

1.00
0.75 (0.35, 1.59)
0.64 (0.35, 1.15)
1.18 (0.75, 1.86)

1.00
1.43 (0.78, 2.60)
1.20 (0.64, 2.25)
1.88 (1.04, 3.41)†

1.00
1.42 (0.77, 2.61)
1.18 (0.63, 2.22)
1.80 (0.98, 3.31)

1.00
1.85 (1.02, 3.37)†
1.46 (0.77, 2.77)
2.34 (1.36, 4.01)†

1.00
1.85 (1.04, 3.28)†
1.37 (0.72, 2.60)
2.54 (1.36, 3.73)†

1.00
0.68 (0.33, 1.41)
0.63 (0.27 1.47)
0.57 (0.26, 1.23)

1.00
0.64 (0.30, 1.35)
0.64 (0.28, 1.46)
0.57 (0.25, 1.31)

1.00
0.92 (0.39, 2.16)
0.56 (0.22, 1.42)
0.41 (0.20, 0.83)†

1.00
0.94 (0.40, 2.22)
0.57 (0.21, 1.51)
0.43 (0.22, 0.85)†

1.00
0.88 (0.43, 1.82)
0.52 (0.26, 1.03)
0.55 (0.27, 1.11)

1.00
0.88 (0.42, 1.84)
0.52 (0.26, 1.0)
0.56 (0.27, 1.17)

1.00
0.69 (0.34, 1.43)
0.51 (0.24, 1.11)
0.31 (0.14, 0.67)†

1.00
0.69 (0.34, 1.41)
0.51 (0.23, 1.12)
0.33 (0.14, 0.74)†

Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval †p≤0.05
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Table 11. Multivariate association between good balance and anthropometric parameters, controlling for covariates
in middle-aged males (n=517)
Body Measure

Odds Ratio M1 (CI:95%)

Odds Ratio M2 (CI:95%)

BMI(kg•m-2)
< 25.2
1.00
1.00
25.2- 27.9
1.29 (0.72, 2.30)
1.35 (0.76, 2.41)
28.0 – 31.0
1.30 (0.66, 2.55)
1.25 (0.62, 2.54)
> 31.0
2.37 (0.94, 5.97)
2.35 (0.92, 5.96)
WC(cm)
< 93.4
1.00
1.00
93.4-100.7
0.64 (0.35, 1.16)
0.62 (0.34, 1.14)
100.8-109.2
0.84 (0.32, 2.17)
0.84 (0.31, 2.28)
> 109.2
1.14 (0.43, 3.02)
1.13 (0.42, 3.00)
CC(cm)
< 36.7
1.00
1.00
36.7-38.9
1.35 (0.48, 3.84)
1.34 (0.49, 3.70)
39.0-41.2
1.48 (0.51, 4.31)
1.48 (0.49, 4.41)
> 41.2
2.20 (0.76, 6.35)
2.11 (0.73, 6.06)
TC(cm)
< 49.8
1.00
1.00
49.8-52.8
1.15 (0.54, 2.41)
1.17 (0.56, 2.57)
52.9-56.3
1.62 (0.70, 3.75)
1.58 (0.68, 3.67)
> 56.3
2.56 (0.94, 6.96)
2.53 (0.92, 6.93)
WC/TC(cm)
< 1.800
1.00
1.00
1.800-<1.903
1.22 (0.65, 2.31)
1.22 (0.66, 2.23)
1.903-2.017
0.65 (0.33, 1.31)
0.69 (0.34, 1.39)
> 2.017
0.39 (0.17, 0.90)†
0.39 (0.17, 0.91)†
WC/TC2(cm)
<0.0327
1.00
1.00
0.0327-<0.0362
1.35 (0.73, 2.52)
1.37 (0.73, 2.56)
0.0362-0.0396
0.77 (0.27, 2.20)
0.83 (0.29, 2.44)
> 0.0396
0.31 (0.13, 0.75)†
0.31 (0.12, 0.78)†
WC/CC(cm)
< 2.450
1.00
1.00
2.450-<2.596
0.82 (0.39, 1.75)
0.83 (0.39, 1.75)
2.596-2.735
0.63 (0.31, 1.29)
0.66 (0.33, 1.33)
> 2.735
0.48 (0.24, 0.93)†
0.50 (0.25, 0.98)†
WC/CC2(cm)
< 0.0609
1.00
1.00
0.0609-<0.0666
0.65 (0.35, 1.19)
0.70 (0.39, 1.25)
0.0666-0.0729
0.40 (0.21, 0.76)†
0.43 (0.22, 0.84)†
> 0.0729
0.35 (0.12, 1.05)
0.37 (0.13, 1.07)
Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval †p≤0.05
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The AUC analyses included covariates of age, ethnicity, education, LPA, MVPA, and
dizziness/balance/falling questionnaire (Table 12). This analysis determined that, in both
females and males, the strongest anthropometric predictor of good static balance was WC/TC2;
0.7006 and 0.7295, respectively. The second strongest predictor of good static balance was
WC/CC2 in both females and males; 0.6971 and 0.7183, respectively. The third strongest
predictor of good static balance in females was WC/TC (0.6995) and in males was TC (0.7172).

Table 12. Adjusted area under the curve values for anthropometric parameters and good balance in middle-aged
adults (40-64 years).
Female AUC
Male AUC
Rank
AUC Value
Rank
AUC Value
WC/TC2
0.7006
WC/TC2
0.7295
WC/CC2
0.6971
WC/CC2
0.7183
WC/TC
0.6955
TC
0.7172
TC
0.6901
WC/TC
0.7120
WC/CC
0.6888
CC
0.7105
CC
0.6874
BMI
0.7035
BMI
0.6825
WC/CC
0.7032
WC
0.6772
WC
0.6891
Rank order is based of AUC value from highest predictor to lowest predictor
AUC Rank: non-informational/equal to change (AUC=0.5), less accurate (0.5<AUC≥0.7), moderately accurate
(0.7<AUC≥0.9), highly accurate (0.9<AUC≥1.0), and a discriminatory test (AUC=1.0).
Covariates included: Age, ethnicity, education, LPA, MVPA, and dizziness/balance/falling question
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
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Older-Aged Adults
Within older adults (≥65 years of age), 230 had good static balance and 575 had poor
static balance (Table 13). Those with good static balance had a significantly lower age (p<0.001)
and participated in more LPA (p=0.001) and MVPA (p=0.005). Within females, body
anthropometric variables of BMI, CC, TC, WC/TC, WC/TC2, WC/CC, and WC/CC2 were
significantly (p≤0.05) different between those with good and poor static balance. Within men,
CC, WC/TC, WC/TC2, and WC/CC2 were significantly different between those with good and
poor static balance.
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Table 13. Demographic and body anthropometrics of the older-aged adults (≥65 years).
Good Balance
Poor Balance
Characteristics
(n= 230)
(n= 575)
Age (years)
71.1  0.5
74.7  0.3
Female
BMI(kg•m-2)
29.0  0.4
27.4  0.4
WC(cm)
97.7  1.0
96.1  0.9
CC(cm)
38.8  0.2
36.6  0.3
TC(cm)
53.2  0.6
49.6  0.4
WC/TC(cm)
1.85  0.02
1.95  0.01
WC/TC2(cm)
0.036  0.001
0.040  0.000
WC/CC(cm)
2.52  0.03
2.64  0.02
WC/CC2(cm)
0.066  0.001
0.073  0.001
Male
BMI(kg•m-2)
28.0  0.4
27.9  0.3
WC(cm)
104.3  1.0
104.3  0.9
CC(cm)
38.4  0.3
37.7  0.3
TC(cm)
50.9  0.4
49.8  0.4
WC/TC(cm)
2.05  0.01
2.10  0.01
WC/TC2(cm)
0.041  0.000
0.043  0.000
WC/CC(cm)
2.72  0.02
2.77  0.02
WC/CC2(cm)
0.071  0.001
0.074  0.001

P-value
<0.001*
0.016*
0.316
<0.001*
<0.001*
0.001*
<0.001*
0.009*
<0.001*
0.878
0.976
0.037*
0.138
<0.001*
0.006*
0.074
<0.001*

LPA (min/week)
<0.001*
309.0  5.5
274.4  5.2
MVPA (min/week)
0.005*
11.2  1.1
7.7  0.7
Gender (n, %)
0.468
Male
126 (48.2)
299 (44.9)
Female
104 (51.8)
276 (55.1)
Race/Ethnicity (n, %)
0.259
Mexican American
38 (2.5)
120 (3.4)
Other Hispanic
4 (1.6)
11 (2.0)
Non-Hispanic white
153 (85.9)
369 (83.7)
Non-Hispanic black
31 (8.3)
55 (6.5)
Other
4 (1.7)
20 (4.4)
Education Level (n, %)
0.311
< High school diploma
85 (24.8)
233 (28.0)
High school diploma or GED
59 (29.2)
149 (30.9)
Some college or more
86 (46.0)
203 (41.1)
Dizziness/Balance/Falling problems in the past year
0.057
Yes
45 (21.0)
167 (29.8)
No
185 (79.0)
408 (70.2)
Continuous data are mean  SE. For categorical data, the numbers inside parentheses are percentages weighted to
U.S. population while the numbers outside parentheses are unweighted counts.
BMI: body mass index, CC: calf circumference, LPA: light physical activity; MVPA: moderate-vigorous physical
activity, TC: thigh circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference
ratio, WC/CC2: waist circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh
circumference ratio, , WC/TC2 waist circumference to thigh circumference ratio squared, *p≤0.05
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Separate univariate logistic regression analysis (Table 14) within the female population
found all body anthropometric measures to be significant (p≤0.05) with balance other than WC.
Higher BMI, CC, and TC were found to significantly (p≤0.05) associate with higher odds of
good static balance in females. Further, higher WC/TC, WC/TC2, WC/CC, and WC/CC2 were
significantly associated (p≤0.05) with lower odds of good static balance in females. In males
(Table 15), a higher BMI significantly associated (p≤0.05) with higher odds of good balance.
Higher WC/TC, WC/TC2, and WC/CC2 were significantly associated with lower odds of having
good static balance. There was a trend toward higher TC to significantly associate with higher
odds of good static balance (p=0.059), specifically between the 3rd and 4th quartile compared to
the 1st quartile. Based on pairwise quartile comparisons in males, significant differences between
the 4th quartile of CC compared to 1st (p=0.037) were found. Also, significance was found
between the 3rd quartile of WC compared to 1st (p=0.013). For TC, pairwise comparisons for the
3rd quartile (p=0.005) and the 4th quartile (0.017) vs. the 1st quartile were significant. In both
males and females, those with a lower age (p<0.001) and participation in more LPA (p<0.001)
have higher odds of good static balance.
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Table 14. Univariate associations between good balance and anthropometric parameters and selected control
variables in older-age females (n=380).
Body Measure
Odds Ratio (CI:95%)
p-value
-2
0.041*
BMI(kg•m )
<24.06
1.00
24.06-27.26
1.80 (1.01, 3.19)*
27.27- 30.76
2.02 (0.93, 4.36)
> 30.76
3.19 (1.55, 6.54)*
WC(cm)
0.355
< 88.2
1.00
88.3- 95.3
1.24 (0.78, 1.96)
95.4-103.8
0.87 (0.36, 2.09)
>103.8
1.43 (0.76, 2.70)
CC(cm)
0.003*
< 34.0
1.00
34.0 -36.2
1.72 (0.61, 4.84)
36.3-39.3
2.71 (1.03, 7.13)*
>39.3
5.61 (2.41, 13.07)*
TC(cm)
0.001*
< 45.6
1.00
45.6-49.3
2.88 (1.17, 7.08)*
49.4-54.2
3.17 (1.13, 8.89)*
>54.2
6.74 (2.95, 15.39)*
WC/TC(cm)
0.005*
>1.79
1.00
1.79-1.94
0.53 (0.28, 0.99)*
1.95-2.09
0.44 (0.22, 0.86)*
> 2.09
0.23 (0.11, 0.51)*
WC/TC2(cm)
0.001*
<0.03365
1.00
0.03356-<0.03914
0.51 (0.26, 0.98)*
0.03914-0.04471
0.31 (0.15, 0.66)*
> 0.04471
0.21 (0.10, 0.47)*
WC/CC(cm)
0.022*
< 2.44
1.00
2.44-2.62
0.68 (0.32, 1.45)
2.63-2.82
0.70 (0.26, 1.84)
>2.82
0.18 (0.07, 0.46)*
WC/CC2(cm)
0.002*
<0.06399
1.00
0.06399-<0.07234
0.44 (0.24, 0.82)*
0.07234-0.08055
0.27 (0.11, 0.62)*
> 0.08055
0.13 (0.05, 0.37)*
Age (years)
0.90 (0.85, 0.94)
<0.001*
MVPA (min/day)
1.40 (1.04, 1.89)
0.031*
LPA (min/day)
1.18 (1.02, 1.37)
0.031*
Education
0.569
Some high school vs some college or more
0.87 (0.43, 1.73)
High school diploma/GED vs some college or more
1.16 (0.53, 2.55)
Ethnicity
0.415
Mexican American vs non-Hispanic white
0.69 (0.34, 1.41)
Other Hispanic vs non-Hispanic white
0.75 (0.14, 4.08)
Non-Hispanic black vs non-Hispanic white
1.84 (0.96, 3.53)
Other/multi-racial vs non-Hispanic white
0.64 (0.25, 1.65)
Dizzy/balance/falling problems the past year (yes vs no)
1.12 (0.64, 1.94)
0.677
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Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared; Odds ratio is expressed with the 95% confidence
interval, *p≤0.05
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Table 15. Univariate associations between good balance and anthropometric parameters and selected control
variables in older-age males (n=425).
Body Measure
BMI(kg•m-2)
<24.77
24.77-26.85
26.89-29.80
>29.80
WC(cm)
<95.6
95.6-102.6
102.7-110.7
>110.7
CC(cm)
<35.2
35.2-37.2
37.3-39.5
>39.5
TC(cm)
< 46.1
46.1-49.3
40.4-52.4
> 52.4
WC/TC(cm)
< 1.981
1.981-2.082
2.083-2.192
> 2.192
WC/TC2(cm)
< 0.039
0.029-0.041
0.042-0.047
> 0.047
WC/CC(cm)
< 2.62
2.62-2.75
2.76-2.91
> 2.91
WC/CC2(cm)
< 0.0674
0.0674-<0.0741
0.0741-0.0805
> 0.0805
Age, 1 year or higher
MVPA (min/day)
LPA (min/day)
Education
Some high school vs some college or more
High school diploma/GED vs some college or more
Ethnicity
Mexican American vs non-Hispanic white
Other Hispanic vs non-Hispanic white
Non-Hispanic black vs non-Hispanic white
Other/multi-racial vs non-Hispanic white
Dizzy/balance/falling problems the past year (yes vs no)

Odds Ratio (CI:95%)

p-value
0.039*

1.00
2.46 (1.19, 5.09)*
2.17 (1.08, 4.38)*
1.48 (0.59, 3.71)
0.076
1.00
1.76 (0.78, 3.95)
2.82 (1.29, 6.17)*
1.18 (0.42, 3.34)
0.232
1.00
2.27 (0.66, 7.80)
2.27 (0.86, 5.98)
2.53 (1.07, 5.99)*
0.059
1.00
1.31 (0.75, 2.28)
2.36 (1.34, 4.13)*
2.72 (1.23, 6.03)*
0.003*
1.00
1.28 (0.76, 2.16)
1.04 (0.52, 2.07)
0.39 (0.22, 0.70)*
0.004*
1.00
0.86 (0.38, 1.96)
0.52 (0.25, 1.07)
0.27 (0.15, 0.48)*
0.418
1.17 (0.46, 3.01)
1.02 (0.45, 2.28)
0.49 (0.19, 1.30)
0.003*
0.59 (0.33, 1.06)
0.79 (0.42, 1.50)
0.34 (0.19, 0.60)*
0.91 (0.88, 0.95)
1.15 (0.95, 1.40)
1.44 (1.25, 1.66)

<0.001*
0.145
<0.001*
0.353

0.76 (0.43, 1.33)
0.56 (0.26, 1.24)
0.150
0.74 (0.45, 1.24)
0.79 (0.09, 7.02)
0.73 (0.32, 1.96)
0.09 (0.10, 0.73)
2.92 (1.73, 4.91)

<0.001*
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Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval, *p≤0.05 and significant pairwise comparison

Gender-specific multivariate logistic regression models that examine the odds of good
balance in older adults found little-to-no impact with the inclusion or exclusion of the
dizziness/balance/falling question. For older-age females (Table 16), being in higher quartiles of
BMI, CC, and TC (particularly quartile 4) increased the odds of good static balance. For WC/TC,
WC/TC2, WC/CC, and WC/CC2, those in quartile 4 had lower odds of good balance than those
in quartile 1. In males (Table 17), the third quartile of WC compared to lowest was associated
with higher odds of good static balance, whereas the highest quartiles of WC/TC2 and WC/CC2
were associated with lower odds of good static balance.
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Table 16. Multivariate associations between good balance and anthropometric parameters, controlling for covariates
in older-age females (n=380).
Body Measure
Odds Ratio M1 (CI:95%)
Odds Ratio M2 (CI:95%)
BMI(kg•m-2)
<24.06
1.00
1.00
24.06-27.26
1.56 (0.82, 2.97)
1.56 (0.83, 2.95)
27.27- 30.76
2.01 (1.03 3.94)†
2.01 (1.02, 4.00)†
> 30.76
3.08 (1.58, 5.98)†
3.08 (1.58, 6.01)†
WC(cm)
< 88.2
1.00
1.00
88.3- 95.3
1.22 (0.70, 2.11)
1.22 (0.72, 2.08)
95.4-103.8
1.01 (0.35, 2.87)
1.01 (0.36, 2.87)
>103.8
1.51 (0.68, 3.33)
1.51 (0.70, 3.27)
CC(cm)
< 34.0
1.00
1.00
34.0 -36.2
1.46 (0.47, 4.51)
1.45 (0.45, 4.68)
36.3-39.3
2.13 (0.76, 5.99)
2.13 (0.76, 5.96)
>39.3
3.78 (1.62, 8.81)†
3.78 (1.63, 8.79)†
TC(cm)
< 45.6
1.00
1.00
45.6-49.3
2.06 (0.80, 5.33)
2.07 (0.79, 5.38)
49.4-54.2
2.16 (0.69, 6.73)
2.17 (0.70, 6.66)
>54.2
4.50 (2.00, 10.15)†
4.52 (1.98, 10.29)†
WC/TC(cm)
>1.79
1.00
1.00
1.79-1.94
0.68 (0.36, 1.31)
0.68 (0.36, 1.31)
1.95-2.09
0.57 (0.26, 1.25)
0.57 (0.27, 1.23)
> 2.09
0.34 (0.14, 0.83)†
0.34 (0.14, 0.81)†
WC/TC2(cm)
<0.03365
1.00
1.00
0.03356-<0.03914
0.60 (0.28, 1.27)
0.60 (0.28, 1.27)
0.03914-0.04471
0.38 (0.16, 0.89)†
0.38 (0.16, 0.89)†
> 0.04471
0.36 (0.17, 0.75)†
0.36 (0.17, 0.73)†
WC/CC(cm)
< 2.44
1.00
1.00
2.44-2.62
0.89 (0.39, 2.02)
0.89 (0.39, 2.02)
2.63-2.82
0.90 (0.29, 2.84)
0.90 (0.30, 2.74)
>2.82
0.25 (0.08, 0.73)†
0.25 (0.08, 0.72)†
WC/CC2(cm)
<0.06399
1.00
1.00
0.06399-<0.07234
0.58 (0.29, 1.13)
0.58 (0.29, 1.14)
0.07234-0.08055
0.35 (0.14, 0.88)†
0.34 (0.14, 0.88)†
> 0.08055
0.19 (0.06, 0.59)†
0.19 (0.06, 0.59)†
Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval †p≤0.05
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Table 17. Multivariate association between good balance and anthropometric parameters, controlling for covariates
in older-age males (n=425).
Body Measure
Odds Ratio M1 (CI:95%)
Odds Ratio M2 (CI:95%)
-2
BMI(kg•m )
<24.77
1.00
1.00
24.77-26.85
2.12 (0.94, 4.81)
2.07 (0.89, 4.85)
26.89-29.80
1.85 (0.87, 3.96)
2.02 (0.98, 4.15)
>29.80
1.34 (0.53, 3.43)
1.36 (0.53, 3.50)
WC(cm)
<95.6
1.00
1.00
95.6-102.6
1.55 (0.61, 3.93)
1.64 (0.59, 4.56)
102.7-110.7
2.50 (1.01, 6.19)†
2.68 (1.10, 6.50)†
>110.7
1.04 (0.35, 3.08)
1.12 (0.36, 3.50)
CC(cm)
<35.2
1.00
1.00
35.2-37.2
2.00 (0.62, 6.45)
2.23 (0.63, 7.96)
37.3-39.5
1.74 (0.61, 5.00)
1.95 (0.68, 5.59)
>39.5
1.71 (0.71, 4.12)
1.84 (0.76, 4.49)
TC(cm)
< 46.1
1.00
1.00
46.1-49.3
0.99 (0.53, 1.87)
0.94 (0.48, 1.85)
40.4-52.4
1.88 (0.83, 4.26)
2.03 (0.89, 4.65)
> 52.4
2.17 (0.77, 6.11)
2.32 (0.81, 6.63)
WC/TC(cm)
< 1.981
1.00
1.00
1.981-2.082
1.25 (0.62, 2.53)
1.22 (0.61, 2.43)
2.083-2.192
1.11 (0.50, 2.49)
1.11 (0.51, 2.41)
> 2.192
0.51 (0.23, 1.16)
0.52 (0.24, 1.15)
WC/TC2(cm)
< 0.039
1.00
1.00
0.029-0.041
0.91 (0.34, 2.48)
0.95 (0.39, 2.32)
0.042-0.047
0.60 (0.25, 1.44)
0.56 (0.22, 1.42)
> 0.047
0.42 (0.19, 0.93)†
0.43 (0.20, 0.92)†
WC/CC(cm)
< 2.62
1.00
1.00
2.62-2.75
1.45 (0.50, 4.25)
1.46 (0.50, 4.26)
2.76-2.91
1.23 (0.45, 3.38)
1.31 (0.50, 3.45)
> 2.91
0.63 (0.20, 1.98)
0.62 (0.22, 1.79)
WC/CC2(cm)
< 0.0674
1.00
1.00
0.0674-<0.0741
0.67 (0.35, 1.27)
0.68 (0.36, 1.26)
0.0741-0.0805
1.17 (0.49, 2.82)
1.16 (0.45, 2.95)
> 0.0805
0.51 (0.25, 1.02)†
0.50 (0.25, 1.01)†
Reference group was poor balance (i.e., failed condition 4 of the Romberg Balance Test).
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
Odds ratio is expressed with the 95% confidence interval †p≤0.05
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AUC analysis (Table 18) in older-age females determined the following as the top three
predictors of good static balance: WC/CC2 (0.7430), CC (0.7392), and TC (0.7371). In older-age
males, the strongest three predictors of good static balance were WC/TC (0.7382), and WC/TC 2
(0.7377), and BMI (0.7337).

Table 18. Adjusted area under the curve values for anthropometric parameters and good balance in older-aged adults
(≥65 years).
Female AUC
Male AUC
Rank
AUC Value
Rank
AUC Value
WC/CC2
0.7430
WC/TC
0.7382
CC
0.7392
WC/TC2
0.7377
TC
0.7371
BMI
0.7337
WC/TC2
0.7354
WC
0.7322
BMI
0.7294
TC
0.7300
WC/CC
0.7251
WC/CC
0.7298
WC/TC
0.7239
CC
0.7256
WC
0.7216
WC/CC2
0.7247
Rank order is based of AUC value from highest predictor to lowest predictor
AUC Rank: non-informational/equal to change (AUC=0.5), less accurate (0.5<AUC≥0.7), moderately accurate
(0.7<AUC≥0.9), highly accurate (0.9<AUC≥1.0), and a discriminatory test (AUC=1.0).
Covariates included: Age, ethnicity, education, LPA, MVPA, and dizziness/balance/falling question
BMI: body mass index, CC: calf circumference, LPA: light physical activity expressed as a 60-minute interval
change; MVPA: moderate-vigorous physical activity expressed as a 10-minute interval change, TC: thigh
circumference, WC: waist circumference, WC/CC: waist circumference to calf circumference ratio, WC/CC 2: waist
circumference to calf circumference ratio squared, WC/TC: waist circumference to thigh circumference ratio, ,
WC/TC2 waist circumference to thigh circumference ratio squared
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Discussion
The purpose of this study was to examine how various anthropometric measures were
associated with having good static balance, particularly in middle-aged adults, a group that is less
well-studied than the elderly. A number of anthropometric variables were associated with
balance in middle-aged. Specifically, both univariate and multivariate analyses determined a
higher ratio of WC/TC2 and WC/CC2 to be significantly associated with decreased odds of good
static balance in both females and males. AUC results confirm these findings in middle-aged
females and males in that WC/TC2 and WC/CC2 had the highest AUC values, suggesting that
these squared variables are more associated with having good balance than non-squared ratios.
Similar, albeit slightly different, findings were demonstrated in the older population, in
that both univariate and multivariate analyses indicated WC/TC2 and WC/CC2 in females and
males were associated with balance. Interestingly, when examining which variables had the
highest AUC for older adults, WC/CC2 and CC had the two highest values for females and
WC/TC and WC/TC2 had the two highest values for males. Univariate and multivariate analyses
also demonstrated a significant association with balance when examining WC/TC for older
males and CC for older females.
Collectively, these data in middle-aged and older-aged adults suggest that a WC/CC2 and
WC/TC2 are closely associated with static balance. This may be from the emphasis placed on CC
and TC and thus the importance of skeletal muscle mass in these measures, though this is
speculative. Future studies may consider examining how WC/TC2 and WC/CC2 relate to
dynamic balance measures as well as the incidence of falls. If they turn out to predict falls
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significantly better than other anthropometric variables, these variables could potentially be
measured along with other established markers of fall risk in clinical settings.
There do appear to be some gender differences in our results. Confirmed from previous
studies (Stewart et al., 2002; Wu et al., 2019), the present study identified higher CC and TC to
be significantly associated with having good static balance in females, regardless of age. Middleaged females with a CC >40.7 cm and older-age females with a CC >39.3 cm were significantly
associated with having good static balance. This change in CC exemplifies the important shift in
skeletal muscle mass as one ages. Kawakami et al. (2015) positively correlated CC to skeletal
muscle mass through a cut-off value of <33 cm in females to predict low muscle mass. Apart
from middle-age, Stewart et al. (2002) measured a corrected CC in females ≥70 years of age and
suggested larger calf muscles to be protective against falling. The calf measure was corrected by
subtracting calf skinfold measurement multiplied by pi from calf girth, which adjusted for
subcutaneous adipose tissue and fluid accumulation to provide a more valid measure of lean
muscle tissue (Stewart et al., 2002). While Stewart et al. (2002) did not link CC directly to
balance, it provided an example of the importance of lean muscle tissue related to fall risk, which
may offer a link between skeletal muscle mass and static balance as found in the present study.
Further, the present study identified TC >57.6 cm for middle-aged females and >45.6 cm for
older-age females to be significantly related to good static balance. While not specific to females,
Wu et al. (2019) determined older adults ≥65 years with lower TC to have higher odds of having
vestibular dysfunction. TC is highly correlated to appendicular skeletal muscle mass, though CC
is known to be a better marker and predictor of appendicular skeletal muscle mass (Santos et al.,
2019). CC and TC were the strongest AUC predictors of good static balance in older-age
females following WC/CC2.
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In the univariate or multivariate analyses, no significant relationships between CC or TC
and good static balance were found in males. This may be due to the males in the present study
having a relatively large amount of appendicular skeletal muscle mass to begin with. Cut-offs for
low-muscle mass in adult males age 40-89 years are <34 cm for CC (Kawakami et al., 2015) and
<49 cm for TC (Mienche et al., 2019). In the present study, both middle- and older-age males in
the poor balance group had mean CC and TC measures that were above these cut-off values (see
Table 7 and Table 13), meaning that the prevalence of low muscle mass was not high. Whether
a significant relationship between CC and TC would exist in a population with a higher
prevalence of suboptimal muscle mass cannot be determined from the present study.
High WC/CC and WC/TC in middle-aged adults were significantly associated with
decreased odds of good static balance in the present study. Similar findings from Wu et al.
(2019) determined individuals ≥40 years with higher values of these measures had elevated odds
of vestibular dysfunction. Waist circumference is tightly associated with visceral or central fat
distribution (Daniels, Khoury, & Morrison, 2000), which is linked to poor balance (Ochi et al.,
2010). As previously established, TC and CC are closely linked to skeletal muscle mass
(Hodgkiss & McCarthy, 2017; Rolland et al., 2003). Thus, a higher WC/CC would indicate a
greater amount of centrally mediated adipose tissue compared to skeletal muscle mass. It is well
established that individuals with less muscle mass also have worse balance (Szulc et al., 2005).
The present study bolstered this information by examining this relationship separated by age and
gender. Further, we examined the relationship of other more novel measures of anthropometrics
on balance such as WC/CC2 and WC/TC2. Given the important link between TC and CC on
skeletal muscle mass (Hodgkiss & McCarthy, 2017; Rolland et al., 2003) and balance
(Kawakami et al., 2015; Mienche et al., 2019) and the relationship between WC/CC and WC/TC
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on vestibular dysfunction (Wu et al., 2019), squaring these variables may place a greater
emphasis on skeletal muscle mass and provide a greater association with static balance status.
Both univariate and multivariate analyses in the present study found that higher WC/CC2 and
WC/TC2 were significantly associated with decreased odds of having good static balance,
regardless of age or gender. Further, the AUC analyses in middle-aged adults also indicated that
these were stronger predictors of balance in both males and males, compared to other
anthropometric measures assessed.
The strengths of this study are the use of a nationally representative dataset of middleaged and older-aged adults in the United States which allows this study to be highly
generalizable. While this study contributes to the general knowledge into the association between
anthropometry and static balance, its primary focus in the middle-aged population bolsters past
and current research. Confounding variables were attempted to be minimized through the
inclusion of models adjusting for potential balance predictors such as age, ethnicity, education,
LPA, MVPA, and dizziness/balance/falling problems within the previous year. This study is not
without limitations. NHANES uses a cross-sectional design and thus results cannot support
strong causal or temporal inferences despite the notable statistical power associated with these
data sets. The Romberg Test of Standing Balance was utilized to determine poor or good static
balance, and although it does not assess dynamic balance, it is a common standard assessment in
clinical and research settings (Lin et al., 2020).
Conclusion
While a number of anthropometric measures were significantly associated with balance,
in both middle-aged males and females, univariate and multivariate analyses found that higher
WC/CC2 and WC/TC2 values to significantly associate with lower odds of good static balance. In
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both genders, AUC predicative ability resulted in WC/TC2 followed by WC/CC2 to be the
highest predictors of good static balance in middle-aged adults. Similar to middle-aged adults,
older-age males and females with higher WC/CC2 and WC/TC2 have significantly decreased
odds of having good static balance, though AUC did not find these the highest predictors of good
static balance. Falls are a leading concern in the aging population; however, middle-aged adult
research on balance is lacking. Collectively, these findings demonstrate that WC/TC2 and
WC/CC2 are associated with balance in middle-aged and older adults.
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CHAPTER VI SUMMARY AND CONCLUSIONS
Falls are a leading concern in the aging population (Bergen et al., 2016; Verma et al.,
2016). Although less population-based research has targeted adults < 65 years of age, Koo et al.
(2015) determined vestibular contributions to balance increase above age 40. Further, in a
middle-age population, one in four adults report falling at least once in a two-year period (Talbot
et al., 2005). Loss of balance within the middle-to-older-adult years is linked to a higher risk of
falling, increased dependency, illness, and in some cases mortality (Howe et al., 2011). In the
middle-age years, adults begin decreasing PA levels and physiological changes alter postural
stability leading to decreased balance (Ito et al., 2018). The specific role these variables have on
balance in middle-age remains underexplored, despite considerable evidence in older adult
populations.
In older adults, peripheral arterial disease (PAD), an independent marker of
cardiovascular risk (Thurston & Dawson, 2019), and ankle-brachial pressure index (ABPI), a
non-invasive predictor for identifying cardiovascular disease (CVD), (Ono et al., 2003), are
related to falling (Juraschek et al., 2019). Multiple studies confirm that PAD in older adults is
associated with poor balance and/or fall risk (Gardner & Montgomery, 2001; Matsushita et al.,
2017). However, whether poor balance is associated with increased CVD risk as assessed by
ABPI in middle-aged adults is not well understood. Total PA is known to play a major role in the
prevention of falls through balance, gait function, and muscular strength in older adults
(Sherrington et al., 2019). Yet one remaining question that persists is the extent to which PA
intensity affects balance, especially in middle-aged populations. Loprinzi and Brosky (2014)
determined that, in American adults ≥40 years, every 60-min increase in LPA is associated with
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10% higher odds of functional balance, and every 1-unit increase in daily log-transformed
MVPA is associated with 23% higher odds of good balance. However, this study did not include
LPA as a covariate when examining MVPA and vice versa. Thus, the isolated effects of LPA or
MVPA on balance are not fully accounted for. Further, most research analyzes PA-balance
across broad age ranges, and when these populations are combined it is impossible to say
whether PA is related to balance similarly in middle-aged and older adults. Obesity is also linked
to decreased lower extremity function and fall risk in older adults (Mitchell et al., 2014). Studies
not only identify significant associations between obesity and poor balance, but also body fat
distribution (Bermúdez-Rey et al., 2017; Mitchell et al., 2014; Silvia G R Neri et al., 2020). In
comparison to traditional measures like BMI and WC, novel measures of anthropometry may
offer better a representation of fat distribution, skeletal muscle mass, and be more predictive of
balance. For example, studies demonstrate a WC-to-CC ratio, compared to each single measure
of WC or CC, is a better index for assessing the disproportionality between abdominal fat and
leg muscle mass (Kim et al., 2011). A mechanism for this finding is that these measures
simultaneously incorporate information about body composition, body fat distribution, and
muscle mass (Hodgkiss & McCarthy, 2017; Rolland et al., 2003), which we know to be
associated with balance (Castillo-Rodríguez et al., 2020). While those with higher lower
extremity circumferences have higher amounts of skeletal muscle mass (Wu et al., 2019),
squaring these variables of the lower extremity in ratio measures may place a higher emphasis on
lean muscle mass, which is the main focus of the relationship between body anthropometric
measures and balance.
To our knowledge, nationally representative population-based studies in middle-aged
adults were incomplete regarding the associations between 1) ABPI and balance, 2) the
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independent associations of MVPA and LPA on balance, and 3) the body anthropometric
measures most closely associated with balance. Dysfunction in static balance begins to decline as
early as age 40 years. However, little population-based research has examined the predictors of
such decline in middle-aged populations. The overall purpose of this dissertation was to explore
the role of CVD, PA intensity, and body anthropometrics on balance in a nationally
representative middle-age population (40-64 years) from the National Health and Nutrition
Examination Survey (NHANES).
Study 1 was a comprehensive data analysis to determine if balance was impaired in U.S.
middle-aged adults with poor RABPI, a marker of CVD. It was hypothesized that middle-aged
individuals with poor RABPI would be at greater risk for poor static balance on the Romberg
Test of Standing Balance. For study 1, 1,046 middle-aged adults from 1999-2000 NHANES
were included in logistic regression modeling of functional assessments of vestibular balance,
through the Romberg Test of Standing Balance, and CVD, assessed through RABPI. The
hypothesis was confirmed that individuals with at-risk RABPI have 3.38 (95%CI 1.66, 6.87;
p=0.001) odds of poor balance as compared to those with normal RABPI. The novelty of study 1
was the positive association found between poor RABPI and poor balance in a middle-aged
population. Tanaka et al. (2016) identified older adults with poor ABI (≤0.9) (and diagnosed
heart failure) as having poorer standing balance based off a single-balance test measurement,
while Gardner and Montgomery (2001) found older adults with physician-diagnosed PAD have a
1.73 higher prevalence rate of falling. Further, we extend these findings by demonstrating that
middle-aged adults with poor RAPBI are also susceptible to having poor static balance. Further,
in this study middle-aged adults who have good balance report more frequently participating in
muscle-strengthening activities, which may be linked to higher skeletal muscle mass and may
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likely have protective effects against development of PAD and falls (Castillo-Rodríguez et al.,
2020; Pizzimenti et al., 2020). Future mechanistic-based studies should evaluate whether
impaired vascular function directly associated with CVD influences balance and fall risk in
middle-aged adults. Additional research is warranted into whether impaired balance in those with
reduce ABPI can be improved through lifestyle interventions such as PA, resistance training, and
nutrition. Overall, study 1 determined balance is an important independent functional assessment
in conjunction with ABPI score to detect middle-aged adults at a higher risk of CVD and falls.
Study 2 assessed the association of LPA and MVPA with odds of having good static
balance in middle-aged adults. It was hypothesized that middle-aged adults who participate in
high levels of LPA and MVPA will have better static balance, and that MVPA would have a
stronger relationship compared to LPA. For study 2, 1,068 middle-aged adults (40-64 years)
from 2003-2004 NHANES were included in the main measurements of LPA and MVPA and
static balance via Romberg Test of Standing Balance. Physical activity was collected via
accelerometer worn for 7 consecutive days. Our hypothesis was not confirmed, as no significant
relationships between higher amounts of MVPA or LPA and having good static balance in the
middle-aged population were observed. Loprinzi and Bronsky (2014) determined adults ≥40
years of age have a 10% higher odds of good balance with every 60-minute increase in LPA and
24% higher odds with every 1-unit increase in log-transformed MVPA. However, they did not
include LPA as a covariate when examining the role of MVPA on static balance, nor did they
separate the analyses by middle and older age. Thus, the independent role of MVPA or LPA was
not fully elucidated in middle-aged adults.
Study 2 of the present dissertation extended these findings by examining the independent
roles of MVPA and LPA on balance, as well as specific age effects on the PA intensity-balance
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relationship. When both intensities of PA are included in multivariate logistic regression, LPA
and MVPA were not associated with good balance in middle age (40-64 years). Although a subanalysis in adults ≥65 years old partially confirmed Loprinzi and Bronsky (2014) findings, that
every 60-minute increase in LPA was significantly associated with 19% higher odds of good
balance, no relationship was found with MVPA. A rationale as to why MVPA was found not to
be significant in the older age group may be due to the mean MVPA in that group being well
below the 21.4 min/day recommendation by the Physical Activity Guidelines for Americans
(2018). Population-reference data for U.S. adults by Wolff-Hughes et al. (2015) show that
although both LPA and MVPA decline after age 40, the relative drop in MVPA is more
precipitous. Thus, a future direction should be aimed at examining how using different cut-points
for LPA and MVPA in these age groups impacts this association with balance. Further, age was
an important predictor of balance, which is confirmed by Bermúdez Ray et al. (2017) who
determined failure of the Romberg Balance Test condition 4 to increase with age. Collectively,
the results in the present study confirm that increased age (in both middle-aged and older adults)
was significantly associated with a reduced odds of having good balance on the Romberg
Balance Test.
Interestingly, study 2 also found that every 1-unit increase in BMI was associated with
1.04 (95%CI: 1.00, 1.08, p=0.038) odds of having good static balance in the middle-adult
population. Although speculative, BMI within middle-age may be more representative of skeletal
muscle mass, which is linked to better balance and decreased fall risk (Gouveia et al., 2020).
Bradbury et al. (2017) reported adults 40-69 years of age who participate in more PA had lower
body fat percentage, regardless of BMI level. In older adults, Concela Carral et al. (2019) found
both static and dynamic balance become poorer as BMI increases, potentially due to an increased
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amount of abdominal fat (Hughes et al., 2004) and diminished postural control (Teasdale et al.,
2007). Conversely, in the present study a higher BMI was associated with good static balance in
middle age. A potential rationale behind this observed association may be that BMI is
representing other health and physiological characteristics in middle-aged and older adults, like
general health status or skeletal muscle mass, which is closely linked to balance and fall risk
(Gouveia et al., 2020). The loss of substantial amounts of weight, particularly in middle and
older age, may be indicative of underlying disease and/or an accelerated muscle loss with aging
(Miller & Wolfe, 2008). Future direction could aim to extend the relationship between skeletal
muscle mass, abdominal fat, and balance in the middle-aged population.
Study 3 explored the strength of associations between various anthropometric measures
and good static balance in middle-aged adults. It was hypothesized that novel measures of
WC/CC2 and WC/TC2 would have stronger associations with static balance than measures of
BMI, WC, CC, TC, WC/CC, and WC/TC. For study 3, 1,050 middle-aged adults were included
from the 2003-2004 NHANES data analysis. Subjects were separated by gender and a subanalysis included older adults ≥65 years. Univariate logistic regression determined the individual
relationship of each anthropometric measure with good static balance, while multivariate logistic
regression adjusted for covariates of age, ethnicity, education, LPA, MVPA and
dizziness/impaired balance/falling within the previous 12 months. An area under the ROC curve
(AUC) was then used to rank anthropometric variables in decreasing order of their predictive
performance in separate logistic regressions with good static balance as the outcome. In both the
univariate and multivariate analyses, higher WC/CC2 and WC/TC2 (amongst other
anthropometric measures) were significantly associated with decreased odds of good static
balance in middle-aged males and females. AUC results confirmed our hypothesis that WC/TC2
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followed by WC/CC2 to be better predictors of good static balance (albeit modestly) compared to
non-squared values in middle-aged males and females. Though speculative, this may be from the
emphasis placed on CC and TC and thus the importance of skeletal muscle mass in these
measures (Hodgkiss & McCarthy, 2017; Santos et al., 2019).
There were gender differences present in the results, particularly in the older aged
population. Confirmed from previous studies (Stewart et al., 2002; Wu et al., 2019), the present
study identified higher CC and TC as being significantly associated with having good static
balance in females, regardless of age. TC is highly correlated to appendicular skeletal muscle
mass (Hodgkiss & McCarthy, 2017), though CC is known to be a better marker of appendicular
skeletal muscle mass (Santos et al., 2019). In older females, CC and TC were the strongest AUC
predictors of good static balance following WC/CC2. Although in males, no significant
relationships between CC or TC and good static balance were found. However, WC/TC,
WC/TC2 and BMI had the highest AUC and thus were the strongest predictors. Compared to low
skeletal muscle cut-off values from Mienche et al. (2019), both middle- and older-aged males in
the present study had a higher mean CC and TC, indicating the prevalence of low muscle mass
was not high. A significant relationship between CC and TC and balance may exist in a
population with higher prevalence of suboptimal muscle mass, although this could not be
determined from this study and may be a direction of future studies.
Given the important link between TC and CC on skeletal muscle mass (Hodgkiss &
McCarthy, 2017; Rolland et al., 2003) and balance (Kawakami et al., 2015; Mienche et al.,
2019), and the relationship between WC/CC and WC/TC on vestibular dysfunction (Wu et al.,
2019), squaring these variables may place a greater emphasis on skeletal muscle mass and
provide a greater association of static balance status. The present study bolstered this information
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by examining this relationship separated by age and gender and by examining more novel
measures of anthropometrics (WC/TC2 and WC/CC2). Collectively, these data demonstrate
higher WC/TC2 and WC/CC2 were significantly associated with decreased odds of good static
balance, regardless of age or gender. Further, the AUC analyses in middle-aged adults also
indicated that these were stronger predictors of balance in both females and males compared to
other anthropometrics. Future studies may consider examining the relationship between WC/TC2
and WC/CC2 and dynamic balance measures, as well as incidence of falls. If these measures turn
out to predict falls significantly better than other anthropometric variables, these novel measures
could potentially be included with other established markers of fall risk in clinical settings.
Falls are a leading concern in the aging population, though middle-aged-adult research on
balance is lacking. Overall, findings from the three studies comprised within this dissertation
find middle-aged adults do differ from older adults in how factors of cardiovascular health, PA,
and body anthropometrics impact balance. Balance studies within the middle-aged population are
lacking, and a strength of this study was utilizing NHANES data, which makes these studies high
generalizable. Future research may aim to evaluate common ailments impacting older adult
health, such as fall risk, in the middle-age population, whose daily lifestyle choices affect the
aging process and could potentially lessen the burden of illness, disability, and decreased quality
of life and independence associated with aging.
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